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SUMMARY
T his th e s i s  d e sc rib e s  th e  work c a r r ie d  ou t by th e  au th o r in to  th e  
p re p a ra t io n , and measurement o f  m agnetic p r o p e r t ie s ,  o f  m o n o cry s ta llin e  
c o b a lt  th in  f i lm s .
M onocrysta lline  c o b a lt th in  f ilm s  were grown by vapour d e p o s itio n  
in  a  vacuum onto  th e  {lOO} fa c es  o f  magnesium-oxide s in g le  c r y s ta l  sub­
s t r a t e s  .
The c ry s ta llo g ra p h ic  s t r u c tu r e  o f  th e  c o b a lt  th in  f ilm s  on th e  
MgO s u b s tr a te s  was in v e s t ig a te d  u sin g  r e f le c t io n  X -ray d i f f r a c t io n  and 
r e f l e c t io n  high energy e le c tro n  d i f f r a c t io n .
The e p ita x y  o f  th e  c o b a lt on th e  MgO s u b s tr a te s  was found to  
depend on th e  s u b s tr a te  d ep o sitio n  tem p e ra tu re . The e p i t a x ia l  temp­
e ra tu re  re q u ire d  to  produce m o n o cry s ta llin e  c o b a lt f ilm s  on th e  {lOO} 
fa c e s  o f  MgO was found fo r  th e  a u th o r ’s d e p o sitio n  a p p a ra tu s .
A to rq u e  magnetometer was c o n s tru c te d  by th e  au th o r in  o rd e r to  
determ ine th e  m agnetic a n iso tro p y  o f  th e  c o b a lt th in  f i lm s .
I t  was found th a t  th e  apparen t f ilm  m agnetic an iso tro p y  was c lo se ly  
c o r re la te d  to  th e  s u b s tr a te  tem peratu re  during  th e  d e p o s it io n  o f  th e  
f i lm s ,  and hence to  th e  c ry s ta l lo g ra p h ic  s t a t e  o f  th e  f i lm s .
-  2  -
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CHAPTER 1
THE MAGNETOCRYSTALLINE ANISOTROPY 
1^1 In tro d u c tio n
There has been a d e f in i te  d e c lin e  from th e  peak o f  th e  m id - s ix t ie s ,  
in  th e  number o f  papers p u b lish ed  which d e a l w ith  re se a rc h  in to  m agnetic 
th in  f i lm s . The ’’gold  ru sh ” o f m agnetic th in  film  in v e s t ig a t io n s  
s t a r t e d  in  th e  middle f i f t i e s  w ith  th e  o r ig in a l  work re p o r te d  by B lo is ^ ^  
on 80 Fe-20 Ni (Perm alloy) th in  f i lm s .  From then  on th e re  was a  head­
long rush  by re s e a rc h e rs  a l l  over th e  world to  produce a th in  f ilm  
memory system fo r  computers which could  ch allen g e  th e  f e r r i t e  core 
s to re s  then  be ing  used .
Thin f ilm s  i n i t i a l l y  h e ld  many prom ises which could  have made them 
th e  le a d e rs  in  computer s to ra g e  techno logy . For example: ba tch
p roduction  -  th e  a b i l i t y  to  produce many ’’b i t s ” a t  one e v a p o ra tio n , 
f a s t  sw itch in g  compared to  th e  f e r r i t e  core s to re s  th en  be in g  u sed , and 
th e  f a c t  t h a t  f ilm s  were though t t o  e x h ib it  n o n -d e s tru c tiv e - re a d -o u t (NDRO). 
However, even though up to  20% o f  a l l  re se a rc h  in to  magnetism has a t  one 
tim e been c a r r ie d  out in to  t h i s  f i e l d ,  th in  f ilm s  have n o t upheld  t h e i r  
i n i t i a l  prom ise as a v ia b le  computer s to ra g e  system .
The only  fo o th o ld  t h a t  magnetism has in  computer techno logy  now i s  
tap e  and d is c  memories where re sea rch  d ea ls  w ith  en g in ee rin g  problem s 
r a th e r  than  th e  m a te r ia ls .  For th e  f u tu r e ,  p la te d  w ir e .techno logy  
which has come up from behind th in  f ilm s  to  champion magnetism re s e a rc h , 
i s  one o f th e  few new a re as  in  which any expansion might ta k e  p la c e .
Even so , n e a r ly  a l l  p re se n t g e n e ra tio n  computers a re  u s in g  sem iconductor 
s to ra g e  dev ices w ith  th e  promise o f MOS and amorphous sem iconductors fo r  
th e  fu tu r e .
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Exchange a n iso tro p y  (see  s e c tio n  1 .5 ) might be th e  answer fo r  p ro ­
ducing th in  f ilm s  s u i ta b le  f o r  memory s to ra g e . This th e s i s  d ea ls  w ith 
an in v e s t ig a t io n  c a r r ie d  out by th e  au th o r in to  th e  growth and m agnetic 
p ro p e r t ie s  o f  m o n o cry sta llin e  c o b a lt th in  f ilm s  w ith  an e v en tu a l aim o f  
p roducing com posite c o b a lt-c o b a lto x id e  la y e r  th in  film s  th a t  e x h ib it  
exchange a n iso tro p y .
M onocrysta lline  {lOO} face  cen tred  cu b ic  (F .C .C .) c o b a lt th in  
f ilm s  were produced and r e f le c t io n  e le c tro n  d i f f r a c t io n  used to  c o r re ­
la t e  th e  c r y s ta l  s t r u c tu r e  o f th e  film s w ith  t h e i r  ex p erim en ta lly  
determ ined b ia x ia l  m ag n e to c ry s ta llin e  a n iso tro p y . A ll  e f f o r t s  to  
produce m o n o cry sta llin e  { i l l}  f i lm s , in  which th e  exchange a n iso tro p y  
was expected  to  be e v id e n t, have however, f a i l e d .
1 .2  The C hief C h a r a c te r is t ic s  o f  M ag n e to c ry sta llin e  A niso tropy
The p h y s ic a l p ro p e r t ie s  o f  c r y s ta ls  a re  in  some cases s tro n g ly , 
d i r e c t io n a l  w hich, co n sid e rin g  th e  geometry o f  th e  c r y s ta l  s t r u c tu r e s ,  
i s  n o t s u rp r is in g .  I t  i s  an experim en ta l f a c t  th a t  fe rro m ag n e tic  
c r y s ta ls  have "easy" and "hard” d ire c t io n s  o f m a g n e tisa tio n , i . e .  th e  
energy re q u ire d  to  m agnetise a c r y s ta l  depends upon th e  d i r e c t io n  o f 
th e  ap p lied  m agnetic f i e l d  r e l a t i v e  to  th e  c r y s ta l  ax es . The d i f f e r ­
ence between th e  e n e rg ie s  re q u ire d  to  m agnetise th e  c r y s ta l  in  th e  h a rd  
and easy d ire c t io n s  i s  term ed th e  a n iso tro p y  energy . For s in g le ­
c r y s ta l  fe rro m ag n e tic  m e ta ls , such as n ic k e l ,  i r o n ,  and th e  F .C .C . phase 
o f c o b a l t ,  p repared  in  th e  absence o f a  m agnetic f i e l d ,  th e  "m agneto- 
c r y s ta l l in e  a n iso tro p y ” has cub ic  symmetry. Due to  th e  random 
o r ie n ta t io n  o f th e  axes o f th e  c o n s ti tu e n t  cub ic  c r y s t a l l i t e s ,  a po ly  
c r y s ta l  appears is o t r o p ic .
For m eta ls  w ith  cu b ic  c r y s ta l  sym m etries, th e  a n iso tro p y  can be
exp ressed  as a  d ire c tio n -d e p en d e n t term  in  th e  energy o f  spontaneous
m ag n e tisa tio n . This must depend on th e  d ire c t io n  co sin e s  c ^ , a2 and
a f o r  th e  spontaneous m a g n e tisa tio n , M , w ith  r e s p e c t  to  th e  c r y s ta l  3 S
cube edges, <100>, in  th e  fo llo w in g  way
E& = Kq + K^Ca^al + a 2a l  + a 3a i^ + ^2^a l a 3a 3^ + • • •  ( l « l )
Each term  i s  sym m etrical in  th e  a*s and i s  independent o f  t h e i r
s ig n s ,  r e f l e c t in g  th e  f a c t  t h a t  th e  axes a re  e q u iv a le n t and th a t
r e v e r s a l  o f  M does n o t change th e  energy . Terms o f  s a t i s f a c to r y  s
symmetry b u t o f  h ig h e r o rd e r than  th o se  shown a re  n o t norm ally  
re q u ire d  because th e  above term s f i t  th e  observed p ro p e r t ie s  c lo s e ly  
enough. K1 and K2 a re  known as th e  f i r s t -  and seco n d -o rd er 
an iso tro p y  c o n s ta n ts  and a re  chosen to  f i t  th e  ex p erim en ta l d a ta .
When K1 > 0 th e  f i r s t  term  o f  (1 .1 )  ta k e s  on i t s  minimum va lue  in  
th e  [lOO] , (plO| and [00l] d i r e c t io n s ,  whereas when K  ^ < 0 i t  does so 
in  th e  [ i l l ]  » [ i l l ] , [ i l l ]  and [ i l l ]  d i r e c t io n s .  These, th e n , a re  
th e  d ire c t io n s  o f  easy m ag n e tisa tio n . For example f o r  i r o n ,  a t  room 
tem p era tu re , = 4 ,8  x lo 1* J  m 3 and th e  easy  d ir e c t io n s  o f  
m agn etisa tio n  l i e  on th e  cube edg es , whereas fo r  n ic k e l
— 3
Kj = -  if,5 x 103 J  m and th e  easy d ire c t io n s  o f  m ag n e tisa tio n  a re  
th e  body d iag o n als  o f  th e  cube c r y s ta l .
Bulk c o b a lt has a  hexagonal c r y s ta l  s t r u c tu r e  below abou t 640-700°K 
and i s  approxim ately  m ag n e tica lly  u n ia x ia l ,  th e  hexagonal a x is  b e in g  
th e  p re fe r re d  d ir e c t io n  and d i f f e r e n t  d ir e c t io n s  ly in g  in  th e  b a s a l  
p lan e  being  approxim ately  e q u iv a le n t.
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1*3 Theory o f M ag n e to cry sta llin e  A nisotropy
H is to r ic a l ly ,  th e o r e t ic a l  in v e s t ig a tio n s  in to  m agnetic a n iso tro p y
from an a to m is tic  p o in t o f view were i n i t i a t e d  as e a r ly  as about 1930,
a f t e r  th e  H eisenberg th eo ry  o f  ferrom agnetism  appeared in  1928.
However, th e  most im portan t p io n e e r work on m agnetic a n iso tro p y  i s
( 2 )undoubtedly th e  Van Vleck paper o f 1937 . In  h is  pap er which aimed
a t  c la r i f y in g  th e  o r ig in s  o f  m agnetic a n iso tro p y  in  m etals ( p a r t i c u la r ly  
i r o n ,  c o b a lt and n ic k e l)  on th e  b a s is  o f  th e  lo c a l is e d  sp in  model,
Van Vleck d iscu ssed  v a rio u s  p o s s ib le  mechanisms f o r  m agnetic an iso tro p y  
and p o in ted  ou t th a t  th e  p seu d o -d ip o la r and pseudo-quadrupo lar i n t e r ­
a c tio n s  between lo c a l is e d  sp in s  a re  im portan t in  iro n -g ro u p  m etals in  
which m agnetic ions have low s p in s . These in te r a c t io n s  (co u p lin g s) a re  
p u re ly  quantum m echanical in  o r ig in .  The coupling  e f f e c t s  a re  b e lie v e d  
to  be due to  th e  combined e f f e c t s  o f s p in - o r b i t  in te r a c t io n  and th e  
p a r t i a l  quenching o f th e  o r b i t a l  an g u la r momentum by inhomogenous 
c r y s ta l l in e  e l e c t r i c  f i e l d s ,  and by o r b i t a l  exchange in te r a c t io n  w ith  
neighbouring  atom s. This means th a t  th e  sp in  and o r b i t a l  an g u la r 
momentum in te r a c t  w ith  each o th e r  v ia  s p in - o r b i t  co u p lin g , and o r b i t a l  
motion i s  in  tu rn  in flu en c ed  by th e  e l e c t r o s t a t i c  f i e ld s  and o v e r­
lap p in g  wave fu n c tio n s  a s so c ia te d  w ith  th e  neighbouring  atoms o f  th e  
c r y s ta l  l a t t i c e .  Thus th e  m agn etisa tio n  o f th e  c r y s t a l ,  v ia  th e  agency 
o f th e  o r b i t a l  motion o f  th e  e le c tro n ,  becomes aware o f  th e  p resence  o f  
th e  c r y s ta l  l a t t i c e  and i t s  symmetry. The e x te n t to  which a m agnetic 
ion  f e e ls  th e  l a t t i c e  symmetry s tro n g ly  depends upon i t s  e le c t r o n ic  
s t ru c tu re  so th a t  a g re a t v a r ie ty  o f cases w i l l  occur.
In  p r in c ip le  i t  should  be m athem atica lly  p o s s ib le  to  d e riv e  v a lu es  
f o r  th e  a n iso tro p y  co n stan ts  Kj and K^. The m athem atical work has n o t 
met w ith  g re a t success so f a r  as num erical v a lues fo r  th e se  c o n s ta n ts
-  y  -
i s  concerned. This i s  because th e  work i s  d i f f i c u l t  in  th e  extrem e 
and in v o lv es  th e  use o f d r a s t i c  approxim ations to  o b ta in  any s o lu t io n s .
The b a s ic  p h y s ic a l mechanisms, however, seem to  be c l e a r .
(3)However, A ubert has re c e n t ly  d e sc rib ed  a new model to  e x p la in  
th e  observed m ag n e to c ry s ta llin e  a n iso tro p y  o f n ic k e l .  This assumes
I
th a t  th e  main e f f e c t  o f s p in - o r b i t  in te r a c t io n  i s  n o t to  change, in  an 
a n is o tro p ic  way, th e  energy and m agnitude o f th e  fe rro m ag n e tic  system  
o f  sp in s  Which rem ain i s o t r o p ic ,  b u t to  induce a n iso tro p y  in  th e  o r b i t a l  
c o n tr ib u tio n s  to  energy and m ag n e tisa tio n  w hich, p re v io u s ly , were e i t h e r  
n e g lec te d  o r taken  as p ro p o r tio n a l to  th o se  o f  th e  s p in s .  S ince t h i s  
model p o in ts  ou t a p o s s ib le  in flu en c e  o f  a n is o tro p ic  o r b i t a l  c o n tr ib u tio n s  
to  energy and m ag n e tisa tio n , t h i s  model m ight be o f  i n t e r e s t  to  e x p la in  
th e  d isc rep a n c ie s  between th e  r e s u l t s  o f  s t a t i c  measurements and th o se  
o f  fe rro m ag n e tic  experim en ts.
1 ,4  E x is tin g  Measurements o f  th e  M ag n e to c ry s ta llin e  A niso tropy  
o f F .C .C . C obalt
Bulk c o b a lt has a hexagonal phase a t  tem p era tu res  below -  620°K
w h ils t  i t  has a  face  cen tred  cub ic  phase above t h i s  te m p e ra tu re .
(4)Sucksmith and Thompson were th e  f i r s t  to  re p o r t  r e s u l t s  on th e  
m a g n e to c ry s ta llin e  an iso tro p y  o f  F .C .C . C obalt u s in g  th e  b u lk  m a te r ia l  
a t  h igh  (> 770°K) te m p e ra tu re s . The r e s u l t s  which th ey  o b ta in ed  f o r  
th e  measurement o f th e  f i r s t  o rd e r  co n sta n t a re  shown in  F ig u re  1 .1 .  
These r e s u l t s  have been f i t t e d  to  an e m p ir ic a l r e la t io n
Kl(T) = KjCO) ex p ( -  ct T2 )
w ith
-  10 -
K (0.) = -  25.4  X 10^ J  n f 3 ( -  25.4 x 105 e rg  cm” 3)
This g ives an e x tra p o la te d  room tem peratu re  value o f  
K ^ (r t)  = -1 7 .7  x 10^ J  n f 3 .
(5)Bean o b ta in ed  va lues o f  th e  m ag n e to c ry s ta llin e  a n iso tro p y  o f  a lig n e d  
F.C.C* c o b a lt p r e c ip i ta te s  in  a copper -2% c o b a lt a l lo y ,  b u t th e se  p a r t ­
ic l e s  have abnorm ally la rg e  l a t t i c e  co n stan ts  and co n ta in  about 10%
/ g \
copper and so th e  r e s u l t s  which were o b ta in ed  (K^CO) = -  11.7 x 101* J  m 
o f p r e c ip i ta te )  a re  q u e s tio n ab le .
The f i r s t  d i r e c t  measurements o f F .C .C . co b a lt a t  room tem p era tu re  
(  6 )were made by R odbell who used s in g le  c r y s ta l  F.C .C . c o b a lt th in  
f ilm s  which had been grown by ev ap o ra tio n  onto  th e  {l00} fa c e s  o f  MgO 
s u b s t r a te s .  He used a fe rro m ag n e tic  resonance techn ique  to  determ ine 
th e  a n iso tro p y  co n stan ts  o f th e  c o b a lt  f i lm s , th e  r e s u l t s  o f  which a re  
shown in  F igure  1 .1 .  The room tem peratu re  value  o b ta in ed  was
K jC rt) = -  7 .3  x 10^ J  n f 3 .
I t  can be seen th a t  th e  s lo p es  o f  th e  K1 v s . T curve must change sh a rp ly  
somewhere in  th e  v ic in i ty  o f 700°K which i s  only  ju s t  above th e  
hexagonal F .C .C . phase t r a n s i t io n  tem p e ra tu re . I t  shou ld  be p o in te d  
o u t ,  however, t h a t  th e  two curves were o b ta ined  by d i f f e r e n t  m ethods, 
i . e .  a s t a t i c  (S-T) and dynamic (R) te ch n iq u e .
F u r th e r  measurements u sing  s in g le  c r y s ta l  f ilm s  o f c o b a lt  ev ap o ra ted
/ fj \
onto {lOO} MgO were made by Doyle and F landers  , who, u s in g  a to rq u e  
magnetometer te c h n iq u e , o b ta in ed  v a lu es  fo r  th e  f i r s t  o rd e r a n iso tro p y  
co n stan t K ^ r t )  o f between -3  x 10*+ to  -6  x 10^ J  m- 3 . F igure  1 .2
-  11 -
shows th e  v a r ia t io n  o f  th e  room tem peratu re  value o f K1 w ith  th e  MgO 
s u b s tr a te  tem peratu re  during  th e  d e p o s itio n  o f th e  c o b a lt th in  film * 
Doyle ex p la in ed  th a t  th e se  low r e s u l t s  (compared w ith  th o se  o b ta in ed  
from e x tra p o la t io n  o f th e  bu lk  c o b a lt v a lu es)  were due to  s t r e s s  s e t  
up in  th e  c o b a lt f i lm  by th e  d i f f e r e n t i a l  th e rm a l c o n tra c tio n  between 
th e  f ilm  and s u b s tr a te  on coo lin g  from th e  ev ap o ra tio n  tem pera tu re  
a f t e r  d ep o sitio n '. On p a r t i a l l y  o x id ised  samples in  which Doyle con­
cludes th a t  a s t r e s s  r e l i e f  mechanism was s e t  up , v a lues o f 
K1( r t )  = -  17 x 10  ^ J  m” were o b ta in ed .
F.C .C . c o b a lt s in g le  c r y s ta l  th in  film s e le c tro p la te d  onto {l00}
( 8 )fa c e s  o f  copper s u b s tr a te s  were in v e s t ig a te d  by Andra e t  a l .  who
^ 3
o b ta in ed  v a lues o f K ^ r t )  between -  5 .2  x 10^ to  -  6 ,8  x 10^ J  m” .
The r e s u l t s  which he o b ta in ed  u s in g  a to rque  magnetometer a re  shown
in  F igure  1 .3 . This shows th e  v a r ia t io n  o f  K w ith  th e  film s
1
"reduced” th ic k n e s s .  This reduced th ic k n e ss  i s  used by Andra to  
ex p la in  t h a t  th e  r e a l  th ic k n e ss  D i s  sm a lle r  by a f a c to r  q , which i s  
th e  r a t i o  o f th e  r e a l  to  th e  m acroscopic s u r fa c e , i f  th e  in f lu e n c e  o f  
is la n d  fo rm ation  and th ic k n e ss  inhom ogeneities a re  n e g le c te d . Andra 
no ted  th a t  th e  s c a t t e r  o f  th e  r e s u l t s  shown in  F igure  1 .3  was reduced  
on annea ling  th e  f i lm s .
F ish e r  e t  a l / 9 *'1'0  ^ have a lso  used e le c tro d e p o s ite d  film s  o f  
c o b a lt on copper to  determ ine th e  a n iso tro p y  co n s ta n ts  o f  F .C .C . 
c o b a lt .  Using a to rq u e  magnetometer he o b ta in ed  va lu es  o f  K ^ r t )  
between -  5 x 10^ to  -  5 .5  x io 1* J  m~3 . These e le c tro d e p o s ite d  
film s  should  be f r e e  from therm al s t r e s s  as th e  f ilm  d e p o s it io n  and 
an iso tro p y  measurement were c a r r ie d  out a t  room te m p e ra tu re .
K iren sk y ^^^  o b ta ined  va lues o f  K ^ r t )  = -  14 x 10^ J  n f 3 fo r  
co b a lt f ilm s evapo ra ted  onto MgO s u b s tr a te s  and assumed th a t  t h i s  h igh
value  was due to  s t r e s s  in  th e  f i lm s . He a ls o  n o tic e d  th a t  f o r  an 
in c re a se  in  t e n s i l e  s t r e s s  in  th e  f i lm  th a t  Kj in c re a se d . Thus 
Doyle*s r e s u l t s  would seem to  suggest t h a t  th e  s t r e s s  in  th e  f ilm s  
was in c re ase d  when th e y  were o x id ise d . Doyle a ls o  n o ted  no c o rre ­
l a t io n  between th e  f ilm  th ic k n e ss  and th e  observed a n is i t ro p y  o f 
th e  f ilm s  which would in d ic a te  an absence o f any s t r e s s  induced 
a n iso tro p y  mechanism in  h is  f i lm s .
1 .5  Exchange A niso tropy
(12)M eiklejohn and Bean in  1956 were th e  f i r s t  to  c h a r a c te r is e
th e  new m agnetic a n iso tro p y  which th ey  d isco v e red , as exchange
a n iso tro p y . The e f f e c t  was observed by them , in  p a r t i a l l y  o x id ise d
c o b a lt  p a r t i c l e s .  T his fe rro m ag n e tic -a n tife rro m a g n e tic  coup ling
e x h ib its  a d isp lacem ent o f  th e  h y s te r e s is  loop along th e  m agnetic
f i e l d  a x is  and a  u n id ir e c t io n a l  to rq u e  cu rv e . F igure  1 .4  shows
th e  to rq u e  curves ob ta in ed  by M eiklejohn and Bean w ith  p a r t i a l l y
(13)o x id ised  c o b a lt  p a r t i c l e s  and th e  to rq u e  curve which Bean 
ob ta ined  on a p a r t i a l l y  o x id ised  p o ly c ry s ta l l in e  c o b a lt t h in  f i lm .
These curves c le a r ly  show th e y  a re  o f  a s in  8 form which i s  
c h a r a c te r i s t i c  o f th e  m a te r ia ls  u n id i r e c t io n a l  easy  m a g n e tisa tio n . 
Also ev id en t from th e  to rq u e  curves i s  th e  la rg e  amount o f  r o t a t i o n a l  
h y s te r e s is  which i s  observed f o r  t h i s  form o f a n iso tro p y , which s t i l l
f 2Kappears fo r  la rg e  f i e ld s  > jj-
l  s
Since th e  f i r s t  work, th e  e f f e c t  has been extended to  many s y s ­
tem s, to  in c lu d e  a n tife rro m a g n e tic -fe rr im a g n e tic  phases and f e r r o -  
m ag n e tic -fe rrim ag n e tic  p h ase s , by v a rio u s  w o r k e r s .
The o r ig in  o f  t h i s  exchange an iso tro p y  i s  co n sid ered  to  be
th e  coup ling  o f a  fe rro m ag n e tic  sp in  system  to  an a n tife rro m a g n e tic
sp in  system . To o b ta in  a p re fe r re d  d i r e c t io n  o f th e  coup ling  i t
i s  u s u a lly  n ecessa ry  t h a t  th e  C urie  tem p era tu re  o f  th e  ferrom agnet
be g re a te r  th an  th e  Neel tem pera tu re  o f  th e  a n tife rro m a g n e t. I f
th e  m a te r ia l  i s  exposed to  a  la rg e  m agnetic f i e l d  a t  a  tem p era tu re
above T^, th e  sp in s  o f  th e  ferrom agnet w i l l  a l ig n  w ith  th e  f i e l d ,
and as th e  m a te r ia l  i s  cooled  th rough  T^, th e  sp in  p lan es  o f  th e
an tife rro m ag n e t n ex t to  th e  ferrom agnet w i l l  a l ig n  fe rro m a g n e tic a lly
The n ex t sp in  p lane  in  th e  an tife rro m ag n e t o rd e rs  so  as  to  be
opposed to  th e  f i r s t  sp in  p la n e , and when th e  an tife rro m ag n e t i s
f u l l y  o rdered  and has a high a n iso tro p y , i t  ho lds th e  ferrom agnet
in  th e  f i e l d  co o lin g  d i r e c t io n .  This sim ple model i s  i l l u s t r a t e d
d iagram m atica lly  in  F igure  1 .5 .  This e f f e c t  i s  shown even f o r
(13 )oxide la y e r s  on ly  2 nm th ic k  in d ic a t in g  th a t  t h i s  i s  d e f in i t e ly  
a  su rfa ce  e f f e c t  between th e  m a te r ia ls .
M onocrysta lline  f ilm s  o f  F .C .C . c o b a lt  have been grown by
(14)Bean and M.V* Doyle on v a rio u s  fa c es  o f  MgO s u b s t r a te s .  They 
found th a t  th e  exchange e f f e c t  was only  o p e ra tiv e  f o r  (111) p lan e  
o x id ise d  f ilm s  whereas w ith  (100) f ilm s  th e  e f f e c t  would n o t be
(15)observed . F igure  1 .6  shows a diagram  o f th e  sp in  system  o f CoO 
which shows th a t  only  th e  (111) p lan es  have p a r a l l e l  sp in  sy stem s, 
th e re fo re  th e  (100) f ilm s  would n o t have a coheren t a n t i f e r r o ­
m agnetic sp in  system  a t  th e  in te r f a c e .
(16 )R ecen tly , Bransky e t  a l .  , have grown m o n o c ry s ta llin e  
c o b a lt f ilm s  on m o n o cry sta llin e  CoO s u b s tr a te s  and have found th a t  
th e  exchange e f f e c t  i s  only  ev id en t w ith  (111) p lan e  f i lm s .
This confirm s th a t  th e  co b a lt-o x id e  sp in  system  has on ly  co h eren t
sp in  p lan es  on th e  { i l l } . Bransky was ab le  to  make d i r e c t  
measurements o f th e  exchange energy p e r  u n i t  a re a  o f  th e  in te r f a c e  
between th e  c o b a lt  and th e  c o b a lt -o x id e . A value  o f
E = 1 .4  x 10” 3 J  m”2 o f in te r f a c e
-  3 -2was o b ta in ed  which i s  very  c lo se  to  th e  va lue  o f  1.75 * 10 J  m 
o b ta in ed  by B e r k o w itz ^ ^  f o r  Ni on th e  { i l l }  o f  MIO.
The c o b a lt-o x id e  l a t t i c e  undergoes a  te t r a g o n a l  d i s to r t i o n ,
from i t s  norm al cub ic  p h ase , on p ass in g  through i t s  N£ei te m p e ra tu re .
This d i s to r t io n  would s t r a in  th e  c o b a lt f ilm  on which th e  oxide had
been grown, and would th e re fo re  add an e x tra  sin0  term  to  th e  to rq u e
(17)cu rv e . Berkowitz has made c a lc u la t io n s  t o  s e p a ra te  th e se  com­
ponents in  th e  Ni-NiO system , b u t th e  la ck  o f any F.C .C . c o b a lt  
e l a s t i c  and s t r a i n  d a ta  p roc ludes s im ila r  c a lc u la t io n s  f o r  th e  
Co-CoO system .
1 .6  C onclusions
The main aim o f  th e  p re se n t work c a r r ie d  out by th e  a u th o r was 
to  grow m o n o cry s ta llin e  c o b a lt th in  film s  o f  {l00} and { i l l }  ty p e  
so th a t  f ilm s  e x h ib it in g  exchange a n iso tro p y  (th o se  on { i l l }  p la n e s )  
cou ld  be in v e s t ig a te d ,  to g e th e r  w ith  c o b a lt f ilm s  ({l00} ty p e )  which 
d id  no t show t h i s  e f f e c t .
M onocrysta lline  c o b a lt th in  film s  o f  th e  {l00} type  were p ro ­
duced b u t a l l  a ttem pts to  o b ta in  { i l l }  film s  have f a i l e d .  An 
in v e s t ig a t io n  o f  th e  e p ita x y  o f  th e  c o b a lt th in  f ilm s  grown on th e  
{l00} fa c e s  o f  MgO s u b s tr a te s  has been c a r r ie d  o u t u s in g  r e f l e c t io n  
h igh  energy e le c tro n  d i f f r a c t io n  and t h i s  work has been c o r r e la te d
to  m a g n e to c ry s ta llin e  an iso tro p y  measurements made on th e  film s 
u s in g  a to rq u e  magnetometer b u i l t  by th e  au th o r f o r  t h i s  p u rp o se .
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The tem peratu re  dependence o f th e  c r y s ta l l in e  an iso tro p y  c o n s ta n t 
Kj in  F.C.C. c o b a lt ,  showing th e  room tem peratu re  v a lu e s .
(R) R odbell (c o b a lt f ilm ) (S-T) Sucksmith Thompson (bu lk  c o b a lt )
FIGURE 1 .1
fThe v a r ia t io n  o f fo r  vapour d e p o sited  c o b a lt  f ilm s  w ith  th e  s u b s t r a te  
d e p o sitio n  tem peratu re  Tg> due to  Doyle and F la n d e rs .
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The v a r ia t io n  o f th e  a n iso tro p y  co n s ta n t K fo r  e le c t r o p la te d  c o b a lt 
f ilm s  w ith  th ic k n e ss , due to  Andra e t  a l .
FIGURE 1.3
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Torque curves fo r  p a r t i a l l y  o x id ised  c o b a lt p a r t i c l e s .  
Curve (a ) i s  f o r  r o ta t io n  o f decreasin g  0 and curve (b) 
i s  f o r  in c re a s in g  0 a f t e r  M eik lejohn).
20 360
ANGLE-
1-0L
Torque curves f o r  a 30 nm c o b a lt f ilm  w ith  = 2 nm o f c o b a lt 
oxide ( a f t e r  B ean).
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Coupling o f Co-CoQ in te r f a c e ,  th e  o r ig in  o f th e  exchange a n iso tro p y .
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CHAPTER 2
EPITAXY
2.1  E a rly  R esu lts
The f a c t  th a t  one c r y s ta l  w i l l  sometimes grow on a n o th e r , o f  
th e  same o r  d i f f e r e n t  su b s ta n c e , in  some w e ll d e fin ed  r e l a t i v e  
c ry s ta l lo g ra p h ic  o r ie n ta t io n  has been known fo r  w e ll over a c en tu ry . 
Examples were f i r s t  observed w ith  n a tu r a l ly  o ccu rrin g  m in e ra ls , and
th e  f i r s t  su c c e ss fu l o r ie n te d  overgrow ths produced in  th e  la b o ra to ry
(18) (19)were o b ta ined  by Frankenheim by growth from s o lu t io n .  B arker
made th e  f i r s t  sy stem a tic  s tu d ie s  o f th e  f a c to r s  governing o r i e n t ­
a t io n  u sin g  a lk a l i  h a l id e s .
Royer(2 0 ) , f i r s t  used th e  term  e p ita x y  (arrangem ent on) to
d esc rib e  th e  phenomenon o f o r ie n te d  overgrow th, re p ea ted  and extended
B ark er’s work. Since then  th e  e p i t a x ia l  growth o f f ilm s  o f m e ta ls ,
in s u la to r s  and sem iconductors has been th e  s u b je c t o f  many i n v e s t i -
(21  22 )g a tio n s . The comprehensive a r t i c l e s  by Pashley  * and more
(23)re c e n tly  by Chopra in c lu d e  ca ta lo g u es  o f  th e  many v a r ie d  cases  
o f e p i t a x ia l  growth which have been observed .
As a r e s u l t  o f th e  sy s tem a tic  work which he c a r r ie d  o u t ,  Royer 
was ab le  to  p u t forw ard th re e  ru le s  f o r  th e  occurrence o f  e p ita x y . 
These were:
( i )  th e  s u b s tr a te  and overgrowth should  have th e  same 
type  o f chem ical bonding;
( i i )  in  th e  case o f a l k a l i  h a l id e s ,  th e  overgrow th ions 
should tak e  up th e  same p o s it io n s  as th e  s u b s tr a te  
io n s , had th e  s u b s tra te  con tinued  to  grow.
But th e  most im portan t r u le  Royer deduced was -
( i i i )  e p ita x y  can only  occur when i t  in v o lv es  th e  
p a ra l le l is m  o f  two l a t t i c e  p lan es  which have 
netw orks o f id e n t ic a l  o r q u a s i - id e n t ic a l  form 
and o f  c lo s e ly  s im ila r  sp ac in g s .
R oyer’s experim ents in d ic a te d  th a t  th e  atom ic m is f i t  between 
th e  two c r y s ta l  p lan es  in  c o n ta c t should  be no more th an  15%.
The m is f i t  i s  norm ally  d e fin ed  as
lQQ(b-a)
a
where a and b a re  th e  corresponding  network sp ac ings in  th e  sub­
s t r a t e  and overgrowth re s p e c t iv e ly .
However, s in c e  th e  advent o f e le c tro n  d i f f r a c t io n  methods to
in v e s t ig a te  th e  s t ru c tu re  o f e p i ta x ia l  d e p o s its ,  many system s
e x h ib it in g  w e ll d e fin ed  e p ita x y  which do no t obey t h i s  mismatch ru le
(21-23)have been documented . I t  seems th a t  a sm all l a t t i c e  m is f i t
i s  n e i th e r  a n ecessa ry  nor s u f f i c i e n t  co n d itio n  fo r  th e  occurrence  
o f e p ita x y . The r e l a t iv e  p o s it io n in g  o f  th e  overgrow th atoms r a th e r  
than  th e  b e s t  g eo m etrica l f i t  o f th e  two l a t t i c e s  seems to  be th e  
s ig n i f ic a n t  v a r ia b le .
D esp ite  e x ten s iv e  in v e s t ig a t io n s ,  th e  phenomenon o f e p ita x y
(23)s t i l l  la ck s  an accep tab le  fo rm al unders tan d in g  . The fo llo w in g  
f a c ts  a r e ,  however, g e n e ra lly  accep ted
(a ) E p itaxy  occurs a t  th e  n u c le a tio n  s tag e  o f  th e
, . (2*f,25)d e p o s it  ’
(b ) E pitaxy  i s  favoured  above a c e r ta in  s u b s tr a te  
tem pera tu re  which i s  on ly  p e c u l ia r  to  th e  sy s ­
tem concerned and th e  d e p o s itio n  c o n d itio n s
. ,(2 6 ,2 7 )employed
(c )  D eposition  param eters re q u ire d  f o r  ep ita jq r as 
w e ll as th e  p e r fe c t io n  o f e p ita x y  can be con­
s id e ra b ly  m odified  by ex traneous p a ram e te rs ,
such as l a t e r a l  e l e c t r i c  f i e l d  a p p lie d  to  th e
(28 )
s u b s tr a te  du rin g  d e p o sitio n  , e le c tro n  beam
(28 29)i r r a d ia t io n  o f th e  s u b s tr a te  9 , u l t r a ­
so n ic  v ib ra t io n  o f th e  s u b s t r a t e ^ ^ , e t c .
(d) The e x is ten c e  o f  a low m is f i t  between th e  
l a t t i c e s  o f th e  s u b s tr a te  and th e  d e p o s it i s  
n e i th e r  a n ecessa ry  n o r s u f f i c i e n t  c o n d i t io n ^ " ^ .
(e )  The atoms o f th e  two l a t t i c e s  a rran g e  w ith
re sp e c t to  each o th e r  such th a t  a g e n e ra lis e d
t r a n s la t io n  p lu s  r o ta t io n a l  movement can b r in g
(32)them in to  r e g i s t r y  w ith  each o th e r
( f )  The e p i ta x ia l  arrangem ent appears t o  be induced
and c o n tro lle d  by th e  in te ra to m ic  fo rce s  between
^ (2 5 .3 2 ,3 3 )th e  atoms o f th e  two l a t t i c e s  - 9
2 .2  T heories o f E p itaxy
Although s e v e ra l  th e o r ie s  f o r  th e  occurrence  o f  e p ita x y  have 
been proposed , a l l  a re  based on th e  need f o r  sm all m i s f i t .  None 
o f  th e  th e o r ie s  a r e ,  th e r e f o r e ,  e n t i r e ly  s a t i s f a c to r y .
A th e o ry  i n i t i a t e d  by Frank and van da Herw« assumes th a t
th e  i n i t i a l  growth s tag e  o f an o r ie n te d  d e p o sit i s  th e  fo rm ation  o f 
a  monolayer o f r e g u la r  atom ic o rd e r w ith  a spac ing  determ ined by 
th e  energy o f  th e  s u b s tr a te -d e p o s i t  in te r f a c e .  T herefore  th e  mono­
la y e r  o f d e p o s it i s  homogeneously s t r a in e d  to  f i t  th e  s u b s tr a te  
l a t t i c e  sp ac in g . This i n i t i a l  growth la y e r  o f th e  d e p o sit m a te r ia l  
i s  term ed a pseudomorphic la y e r .  The th eo ry  f u r th e r  s t a t e s  th a t  
t h i s  p e r fe c t  pseudomorphic la y e r  i s  formed on ly  when th e  l a t t i c e  
spacing  m is f i t  i s  le s s  th an  a c r i t i c a l  v a lu e , about 4% in  th e  
average c a se . Above a m is f i t  o f about 12%, in  an average c a se , a 
m etastab le  s i tu a t io n  would a r i s e  w ith  m is f i t  d is lo c a tio n s  o c cu rrin g  
a t  th e  s u b s tr a te  d e p o sit in te r f a c e .
Once t h i s  o r ie n te d  monolayer has form ed, a  m acro sco p ica lly  
th ic k ,  o r ie n te d  f ilm  can grow by r e p e t i t io n  o f  th e  p ro c e s s . This 
would g ive r i s e  to  an i n i t i a l l y  pseudomorphic f ilm  which would undergo 
a t r a n s i t io n  p ro cess  through th e  f ilm  th ic k n e ss  to  g ive  a  s t r a i n  f r e e  
bu lk  d e p o s it which rem ains o r ie n te d .
However, in v e s t ig a tio n s  c a r r ie d  ou t u s in g  h igh  r e s o lu t io n  
(on  \
e le c tro n  m icroscopy 9 show th a t  d ep o sit m onolayers a re  n o t formed 
a t  a l l ,  b u t th a t  su rfa ce  m ig ra tio n  o f th e  d ep o sit atoms le ad s  t o  th e  
growth o f  sm all th ree -d im en sio n a l n u c le i .
A lso , tw o-dim ensional d e p o s itio n  and pseudomorphism a re  o f 
l i t t l e  s ig n if ic a n c e  fo r  most e p i t a x ia l  system s fo r  which th e  
ab so lu te  va lue  o f l a t t i c e  m is f i t  i s  no t th e  im portan t p a ram ete r fo r  
e p ita x y .
This th eo ry  i s  c le a r ly  n o t a th e o ry  o f e p ita x y  b u t a th e o ry  o f 
m is f i t  accommodation between two l a t t i c e s .
/ An\
Menzer * proposed th a t  an o r ie n te d  la y e r  co rrespond ing  to  
a  good f i t  occurs d u rin g  th e  i n i t i a l  s ta g e s  o f  th e  d e p o sit growth 
and th a t  subsequent growth g ives r i s e  to  d i f f e r e n t  o r ie n ta t io n s .
This means th a t  la rg e  l a t t i c e  m is f i t s  could  be accommodated by th e  
development o f tw inn ing  in  d e p o sit la y e rs  c lo se  t o  th e  s u b s tr a te
( 38 )s u r fa c e . This th e o ry  was based on th e  r e s u l t s  o b ta in ed  by Bruck 
from experim ents w ith  Ag film s  d ep o sited  on NaCJt s u b s t r a te s .
According to  Menzer th e  o r ie n ta t io n  o f Ag on th e  c leavage face  o f 
NaC£ ({lOO}) should  be {22l} b u t t h i s  o r ie n ta t io n  i s  n o t observed  
so th e  h y p o th esis  i s  n o t su p p o rted .
A f u r th e r  th eo ry  based  on th e  r e s u l t s  o f  Bruck was produced by 
(39)Engel , She assumed th a t  th e  d e p o s it m etal i s  io n is e d  and so 
th e  b in d in g  to  th e  s u b s tr a te  su rfa c e  i s  p redom inantly  e l e c t r o s t a t i c .  
E p i ta x ia l  growth th en  occurs a t  o r  above a tem peratu re  f o r  which th e  
e l e c t r o s t a t i c  in te r a c t io n  w ith  th e  io n is e d  m etal su rfa c e  i s  s u f ­
f i c i e n t l y  s tro n g  to  m o b ilise  atoms to  tak e  up e q u ilib r iu m  p o s i t io n s  
f o r  an o r ie n te d  s t r u c tu r e .  Sample c a lc u la t io n s  based  on t h i s
model confirm ed th e  e p i t a x ia l  tem p era tu res  found by B ruck. However, 
( 2 1 )i t  has been found th a t  good o r ie n ta t io n  o f  m eta ls  on a l k a l i  
h a lid e s  i s  o b ta in ed  a t  low er tem pera tu res th an  th o se  observed  by 
Bruck. T h e re fo re , th e  Engel th e o ry  i s  n o t a ccep tab le  as a  com­
p le te  th e o ry .
A tru e  th eo ry  o f e p ita x y  must e x p la in  th e  observed  ex p erim en ta l 
f a c t  t h a t  e p ita x y  appears a t  th e  e a r l i e s t  s tag e s  o f  f ilm  grow th .
This i n i t i a l  growth i s  by th re e -d im e n sio n a l n u c le a t io n , a lthough  
o r ie n ta t io n  changes w ith  subsequent f ilm  growth may a ls o  r e s u l t  by r e  
o r ie n ta t io n  o r  r e c r y s t a l l i s a t i o n  on coalescence o f  d i f f e r e n t ly  
o r ie n te d  n u c le i .
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Thin f ilm  growth experim ents c a r r ie d  o u t in s id e  e le c tro n  m icro- 
(27 HO HI)scopes * * have p rov ided  ex trem ely  va lu ab le  in fo rm atio n  on ,
(H2 H3)i n i t i a l  f i lm  growth b eh av io u r. The a to m is tic  th e o ry  o f  Walton *
(HH) (25)and Lewis a s  d esc rib ed  in  th e  paper by Campbell , p rov ide  a
reasonab ly  adequate d e s c r ip tio n  o f th e  n u c le a tio n  o f  film s  when th e
c r i t i c a l  nucleus c o n s is ts  o f on ly  a few atom s. I t  i s  w e ll known
th a t  inhom ogeneities o f th e  s u b s tr a te  su rfa c e  can serv e  as n u c le a tio n
c e n tre s  f o r  th e  d e p o sit a t o m s t h i s  f a c t  has been c le a r ly  shown 
(H7)f o r  c leavage s te p s  . As th e  c r i t i c a l  nucleus c o n s is ts  o f  on ly  a
few atom s, even p o in t d e fe c ts  in  th e  s u b s tr a te  su rfa c e  cou ld  a c t  as
n u c le a tio n  s ig h t s .  This p o in t i s  d iscu ssed  by B e th g e ^ 8  ^ and 
(H9)Rhodin . U n fo rtu n a te ly , th e  e x is t in g  n u c le a tio n  th e o r ie s  cannot 
p re d ic t  b u t can only  q u a l i t a t iv e ly  suggest th e  c o n d itio n s  which le a d  
to  th e  r e a l i s a t io n  o f t h i s  p re d ic t io n .
2 *3 E p itaxy  o f  M e ta llic  Layers
E lec tro n  d i f f r a c t io n  and e le c tro n  m icroscopy te c h n iq u e s , w hether 
in  th e  tran sm iss io n  o r  r e f le c t io n  mode, have produced a g re a t  d e a l o f  
in fo rm atio n  on th e  growth p ro cesses  o f  e p i t a x ia l  m eta l f ilm s  d e p o s ited  
on s in g le  c r y s ta l  s u b s t r a te s .  Vacuum ev ap o ra tio n  i s  th e  c le a n e s t  and 
most c o n tro l la b le  method to  d e p o sit m e ta l f ilm s  and i s  th e  tech n iq u e  
most used to  produce m eta l f ilm s  on v a rio u s  s in g le  c r y s ta l  s u b s t r a te s .
The s u b s tr a te s  which have been used most f re q u e n tly  a re  th e  
cleavage fa c es  o f NaC£, MgO and m ica. When a m eta l i s  condensed on 
th e  co ld  (* 20°C) face  o f  th e se  s u b s tr a te s  a po ly  c r y s ta l l in e  f ilm  i s  
form ed. The f ilm  c r y s t a l l i t e s  have random o r ie n ta t io n  a lth o u g h  some 
degree o f te x tu re d  o r ie n ta t io n  can be observed i f ,  f o r  exam ple, th e  
m etal vapour beam i s  a t  an angle  to  th e  s u b s tr a te  s u r f a c e .  I f  th e
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s u b s tr a te s  a re  coo led  to  l iq u id  helium  tem peratu res i t  has been 
shown^5*^ th a t  m eta l f ilm  d e p o sits  can be amorphous.
However, i f  th e  s u b s tr a te  su rfa c e  i s  h ea ted  to  a  s u i ta b le  
tem p e ra tu re , th e  f ilm  ten d s  to  be d ep o sited  in  a h ig h ly  o r ie n te d  
la y e r  c o n s is tin g  o f la rg e  s in g le  c r y s ta l s .  The f i lm  has th e  
s t ru c tu re  o f a m osaic s in g le  c r y s t a l ,  which has a p re d ic ta b le  
m utual o r ie n ta t io n  w ith  th e  s u b s tr a te  c r y s ta l  l a t t i c e .
That e p ita x y  ta k es  p lace  on ly  when th e  m eta l vapour i s  con­
densed on a s u b s tr a te  h ea ted  above a c e r ta in  c r i t i c a l  tem p era tu re
(38)was f i r s t  re v e a le d  by Bruck . T his e p i ta x ia l  tem p era tu re  
v a r ie s  co n sid e rab ly  from one s u b s tr a te -d e p o s i t  com bination to  
a n o th e r . The e x is te n c e  o f  an e p i ta x ia l  te n p e ra tu re  f o r  d e p o s its  
grown from th e  vapour phase has been found f o r  many sy stem s, b u t 
th e  g e n e ra l evidence su g gests  th a t  th e  va lue  o f th e  e p i t a x ia l  
tem pera tu re  depends upon th e  co n d itio n s  o f  grow th, f o r  example th e  
r a t e  o f  d e p o s it io n .
(51)D is t le r  has claim ed th a t  th e  e p i t a x ia l  o r o r ie n t in g  
in flu en c e  o f a s in g le  c r y s ta l  s u b s tr a te  can be tra n s m it te d  through 
an in te rm e d ia te  amorphous la y e r .  He observed th e  e p i t a x i a l  growth 
o f Au and CdS on ro c k s a l t  (NaCJl) and o f  PbS on mica th rough  i n t e r ­
m ediate evapo ra ted  la y e rs  o f  carbon o f  th ic k n e ss  le s s  th an  20 nm 
and o f p a rlo d ia n  (a  p l a s t i c )  o f  th ic k n e ss  ran g in g  from 10 nm to  
s e v e ra l  ym. D is t le r  in te rp re te d  th e  o b se rv a tio n s  as due to  th e  
e x is te n c e  o f  long range " a c tiv e ’' c e n tre s  on th e  s u b s t r a te  s u rfa c e  
which induce e p i ta x ia l  growth a t  a d is ta n c e . The g re a t range o f  
th e se  assumed c e n tre s  su g g ests  th a t  th e y  cannot be a s s o c ia te d
w ith  p o in t d e fe c ts  b u t may be th e  r e s u l t  o f  e l e c t r o s t a t i c ,  d ip o le
(52o r  van de Waals in te r a c t io n s  o f an agg regate  o f  d e fec ts*  Barna
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has re p e a te d  some o f  th e se  experim ents u s in g  in te rm e d ia te  la y e r s  o f  
SiO o r  carbon . He concludes th a t  th e  in te rm e d ia te  la y e r  grows inK
th e  e f f e c t iv e  su rfa c e  p o te n t ia l  f i e l d  o f  th e  b a s ic  s in g le  c r y s ta l  
s u b s t r a te ,  and consequently  forms w ith in  i t s e l f  a b u i l t - i n  e l e c t r i c  
f i e l d  co rresponding  more o r  l e s s  to  t h i s  p o te n t ia l  and to  th e  d i s ­
tu rb an ces  o f th e  p o te n t ia l  in  th e  s u b s tr a te  l a t t i c e  s u r fa c e .
(35 )Since th e  i n i t i a l  o b se rv a tio n  u sin g  e le c tro n  m icroscopy o f
th e  e p ita x y  o f m etals d ep o sited  on s in g le  c r y s ta l  s u b s t r a te s ,  many
au th o rs  have used t h i s  tech n iq u e  to  s tu d y  th e  i n i t i a l  growth b eh av io u r
(53)o f th in  f i lm  d e p o s its  ( s e e ,  f o r  exam ple, P ashley  in  ’’Thin F ilm s” ) .
However, th e  s u b s tr a te  c r y s ta ls  have been con fined  e i t h e r  to  c r y s ta ls
w ith  f la k y  c leav ag e , such as m olybdenite o r  m ica, o r  t o  th in  m e ta l l ic
(27)f i lm s . More re c e n t ly  Sato  has observed , d i r e c t l y ,  th e  e p ita x y
o f  Ag and Au on {lOO} cleavage faces  o f  MgO. E lec tro n  tr a n s p a re n t
MgO p la t e l e t s  were produced by th e rm al shock induced s e l f  c leavage o f
la rg e  MgO c r y s t a l s . The n u c le a tio n  phenomena observed  by Sato  u s in g
th e se  s u b s tr a te s  w ith  Au and Ag d e p o s its  were s im i la r  t o  th o se
( 3 5 )
observed by B a sse tt fo r  Au and Ag on NaCfc s u b s tr a te s  and Jacobs 
(in r e f .  53) f o r  Au on molybdenum d isu lp h id e  s u b s t r a te s .  N u c lea tion  
ta k e s  p lace  p r e f e r e n t ia l ly  along  cleavage s te p s  in  th e  s u b s t r a te  s u r ­
fa c e  w ith  random n u c le a tio n  in  betw een. F u r th e r  d e p o s itio n  r e s u l t s  
in  an in c re a se  in  th e  s iz e  o f th e  n u c le i  ( c r y s t a l l i t e s ) ,  sometimes 
by th e  a b so rp tio n  o f  o th e r  n u c le i .  The growth sequence i s  q u ite  
l iq u id  l i k e ,  le ad in g  to  coalescence  o f  th e  n u c le i .  The b r id g in g  
o f th e se  sm all c r y s t a l l i t e s  le ad s  t o  s ta c k in g  f a u l t s  and m icro tw ins 
in  th e  d ep o sit is la n d s  i f  th e  c o a le sc in g  n u c le i  have a m utual d i s ­
o r ie n ta t io n .  These c r y s ta l  d e fe c ts  a re  v e ry  c le a r ly  shown w ith  th e  
e le c tro n  m icroscope as Moire f r in g e s  a re  s e t  up in  th e  n u c le i .
Moire f r in g e  p ic tu re s  a lso  re v e a l t h a t ,  d u ring  grow th, c r y s t a l l i t e s
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appear to  be ab le  to  a l t e r  t h e i r  o r ie n ta t io n ,  w ith  r e s p e c t  to  th e
( 51+)
s u b s tr a te  l a t t i c e ,  and s t i l l  p re se rv e  t h e i r  c r y s ta l l in e  o rd e r
As d e p o sitio n  o f th e  m etal f ilm  p ro ceed s, th e  f ilm  d e p o s it 
is la n d s  con tinue  to  grow and co a le sce  u n t i l  a uniform  continuous 
la y e r  o f  d e p o s it m a te r ia l  i s  form ed. The ’’th ic k n e s s ” o f  th e  f ilm  
a t  which th e  f ilm  becomes continuous depends on th e  s u b s t r a te -  
d e p o s it com bination and on th e  d e p o s itio n  c o n d itio n s . The f ilm  
d e p o s it  becomes more n e a r ly  p e r f e c t ,  p o s s ib ly  b e in g  d e fin ed  to  
b e t t e r  th an  1° o f  o r ie n ta t io n .
Many i r r a t i o n a l  r e f le c t io n s  have o f te n  been observed in  
e le c tro n  d i f f r a c t io n  p a t te rn s  o b ta in ed  from fa c e -c e n tre d  cub ic  
(F .C .C .) m eta ls  d ep o sited  onto s in g le  c r y s ta l  s u b s t r a te s .  These
have been shown to  be m ainly caused by rep ea ted  tw in n in g  on {111}
. (36)p lanes
Body c e n tre d  m eta ls  have d if fe re n c e s  in  o r ie n ta t io n  w ith  re s p e c t 
to  th e  s u b s t r a te ,  when compared w ith  face  c en tred  cu b ic  m eta l 
d e p o s i ts .  The body c e n tre d  d e p o s its  g e n e ra lly  have t h e i r  cube edges 
p a r a l l e l  to  th e  s u b s tr a te  cube d iag o n al w h ils t  th e  face  c e n tre d  cub ic  
m eta l d e p o s its  g e n e ra lly  have t h e i r  cube edges p a r a l l e l  to  th e  sub­
s t r a t e  cube edges and w ith  th e  f ilm  and s u b s tr a te  {lOO} p lan es  
p a r a l l e l .
These ex p erim en ta l o b se rv a tio n s  seem to  in d ic a te  t h a t  a h igh  
degree o f m o b ility  e x is t s  among th e  n u c le i  in  th e  e a r ly  s ta g e s  o f 
f ilm  growth and th a t  th e  r e la t io n s h ip s  between th e  a r r iv in g  d e p o s it 
atom s, th e  n u c le i  a lre ad y  p re s e n t ,  and th e  s u b s t r a te ,  a re  ex trem ely  
complex.
2.3*1 M etastab le  Thin Film  E p i ta x ia l  S tru c tu re s
An atom by atom d e p o s itio n  p ro cess  may be e x p lo ite d  under 
c e r ta in  c o n d itio n s  to  o b ta in  a v a r ie ty  o f  norm al and abnormal 
s t ru c tu re s  in  f ilm s  o f a number o f e lem en ts , compounds and a l lo y s .  
These new s t r u c tu r e s  a re  m e ta s ta b il is e d  by c e r ta in  d e p o s itio n  
co n d itio n s  and, in  most c a s e s , a re  im possib le  to  o b ta in  in  bu lk  
form by any known te ch n iq u e . A d e ta i le d  d iscu ss io n  o f  th e  
n u c le a t io n , s t r u c tu r e  and growth o f  th in  film  m e tastab le  p h a se s , 
which a ls o  in c lu d es  a comprehensive l i s t  o f th e  observed  cases o f 
t h i s  phenomenon, i s  g iven  by Chopra^2^ 9^ ^ .
S ev era l au th o rs  have re p o rte d  techn iques s u i ta b le  f o r  growing 
th in  e p i t a x ia l  c o b a lt f ilm s  (see  C hapter 3 ) . The m a jo rity  o f  
th e se  papers quote th e  use o f c u b ic , i . e .  NaC£, MgO o r  Cu, sub­
s t r a t e s  on which th e  e p i ta x ia l  d e p o s itio n  was c a r r ie d  o u t .  A ll  
th e  c o b a lt f ilm s  d ep o sited  on cub ic  s u b s tr a te s  in c lu d e , to  some 
e x te n t ,  an amount o f th e  face  c e n tre d  cub ic  phase o f  c o b a l t .
In  th e  b u lk , c o b a lt i s  tran sfo rm ed , a t  about 420°C, from th e
low tem pera tu re  hexagonal c lo se  packed phase (a )  in to  th e  h igh
tem peratu re  face  c en tred  cub ic  phase ( $ ) .  The energy d if fe re n c e
between th e  two phases i s  n o t very  la r g e .  The only  method o f  pro>
ducing th e  s ta b le  F.C .C . phase o f c o b a lt a t  room te m p era tu re ,
w ithou t r e s o r t in g  to  th e  use o f e p i ta x ia l  th in  f i lm s ,  i s  by p re -
(5)c ip i ta te d  c o b a lt p a r t i c l e s  i n ,  s a y , co p p er-co b a lt a l lo y s
F i s h e r ^ * '^  u s in g  e le c tro d e p o s it io n  onto {lOO} and { lio }  
fa c e s  o f  copper s in g le  c r y s t a l s ,  o b ta in ed  good F .C .C . phase mono­
c r y s ta l l in e  co b a lt f ilm  d e p o s its ,  f o r  film  th ic k n e ss  between 10 nm 
and 100 nm. The p la t in g  b a th  c o n s t i tu e n ts  have to  be c a r e f u l ly
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c o n tro l le d ,  in  p a r t i c u la r  th e  Ph o f th e  b a th , to  produce good 
m onocrystal d e p o s its . F ish e r  found th a t  th e se  F.C .C . c o b a lt 
f ilm s  were s ta b le  in  t h i s  phase , so long  as th ey  rem ained on th e  
copper s u b s t r a te s ,  f o r  tem pera tu res  between 150°K and 870°K.
(56)J e s s e r  found th a t  c o b a lt  f ilm s  vapour d e p o sited  on to  
{lOO} fa c e s  o f s in g le  c r y s ta l  copper s u b s tr a te s  were 100% F.C .C . 
phase f o r  f ilm  th ic k n e sse s  le s s  th an  2 nm o n ly .
An unusual s in g le  c r y s ta l  s u b s tr a te  has been employed by 
(57)Matthews to  s tudy  th e  e p ita x y  o f  c o b a l t .  The s u b s tr a te  con­
s i s t e d  o f  Ni and Pd such th a t  th e  percen tag e  o f Pd in  th e  Ni was 
v a r ie d  co n tin u o u sly  from 0 to  100% acro ss  th e  face  o f  th e  sub­
s t r a t e .  This produced a s u b s tr a te  which had a co n tin u o u sly  
in c re a s in g  l a t t i c e  s iz e  from j u s t  below to  j u s t  above th e  l a t t i c e  
dim ensions o f  F .C .C . c o b a l t .  By vapour d e p o s it in g  c o b a lt  on to  
t h i s  s u b s tr a te  Matthews was ab le  to  produce good F.C .C . m onocrystal' 
l in e  c o b a lt up to  20 nm th ic k ,  b u t only  in  th e  re g io n  o f  th e  sub­
s t r a t e  where th e  l a t t i c e  mismatch approached z e ro .
(58) (59)Gonzalez and Buder have vapour d e p o sited  c o b a lt  on to
{ i l l}  p lan es  o f  s in g le  c r y s ta l  s i l v e r  th in  f ilm s  which had been 
p rep ared  by vapour d ep o sitio n  onto  th e  cleavage face  o f  m ica.
They re p o r te d  t h a t  th e  c o b a lt f ilm s  were m ainly F .C .C . { i l l }  
o r ie n ta t io n  f o r  s u b s tr a te  tem peratu re^  >M-20°C, a lthough  some 
H .C .P. c o b a lt  was s t i l l  p re s e n t .
The m a jo rity  o f th e  in v e s t ig a t io n s  in to  th e  e p ita x y  o f  c o b a lt  
th in  f ilm s  have quoted th e  use o f  NaC£ s u b s t r a te s .  N early  always 
u sin g  th e  {l00} cleavage fa c es  o f NaCA. Both Heavens^60  ^ and 
K iren sk y ^* ^  have re p o rte d  th a t  100% F.C .C . c o b a lt t h in  f ilm s  a re
u n o b ta in a b le , even f o r  s u b s tr a te  tem p era tu res  >500°C, by vapour
d e p o s it io n  onto  {lOO} NaCfl, cleavage f a c e s .  Also on rem oval from
th e  s u b s tr a te  th e  c o b a lt f ilm s re v e r te d  to  a p o ly c ry s ta l l in e  H .C .P.
s t r u c tu r e .  The p ro d uction  o f  F .C .C . co b a lt th in  film s  on NaC&
m ight be improved by d e p o s it in g  a th in  in te rm e d ia te  e p i t a x ia l  la y e r
( 6 1 )o f copper onto  th e  NaC£, b e fo re  th e  c o b a lt ev ap o ra tio n  
( 62 )R ecen tly , Kato h a s , however, observed good F .C .C . c o b a lt th in  
film s vapour d ep o sited  onto NaCfc. Kato quotes an e p i t a x ia l  temp­
e ra tu re  o f on ly  250°C to  o b ta in  th e se  f i lm s .  Below t h i s  te m p e ra tu re , 
he observed mixed F.C .C . and H .C.P. c o b a lt f i lm s . He a lso  found 
th a t  th e  c o b a lt tfiin f ilm s  were on ly  100% F.C .C . f o r  f i lm  th ic k n e sse s  
g r e a te r  than  60 nm, w ith  in c re a s in g  amounts o f  H .C .P. m a te r ia l  f o r  
th in n e r  f i lm s .  Kato has a lso  d ep o sited  co b a lt on to  th e  cleavage 
face  o f  m ica, whereupon H .C.P. c o b a lt f ilm s grew.
/ n \
Both Doyle * and Sato have s u c c e s s fu lly  grown F.C .C . 
m o n o cry sta llin e  f ilm s  o f  c o b a lt on th e  c leavage fa c e s  o f  MgO.
Doyle re p o r te d  an e p i t a x ia l  tem pera tu re  o f  400°C and Sato o b ta in ed  
m o n o cry sta llin e  F.C .C . c o b a lt f ilm s a t  a s u b s tr a te  tem p era tu re  o f  
*+50°C. Doyle found th a t  in c re a s in g  amounts o f H .C .P. c o b a lt  were 
produced as th e  s u b s tr a te  d ep o sitio n  tem pera tu re  was reduced  below 
400°C, u n t i l  no F .C .C . m a te r ia l  could  be d e te c te d  fo r  film s  grown 
below 3«+0°C s u b s tr a te  d e p o s itio n  tem p e ra tu re .
2 The P resen t Work
I t  i s  c le a r  t h a t  good m o n o cry sta llin e  film s  o f c o b a lt can be 
o b ta in ed  by ev ap o ra tio n  onto s in g le - c r y s ta l  MgO s u b s t r a te s .  This 
techn ique  was used in  th e  p re se n t in v e s t ig a t io n  where f ilm s  o f 
c o b a lt  have been grown on th e  (100) and (111) faces  o f  MgO (see  
C hapter 3 ) .
CHAPTER 3
THE PREPARATION OF EPITAXIAL MONOCRYSTALLINE 
COBALT THIN FILMS
3.1  In tro d u c tio n
V arious methods have been used by p rev ious re s e a rc h e rs  in  
t h i s  f i e l d  to  produce th in  continuous film s  o f c o b a lt .
P o ly c ry s ta l l in e  th in  film s  have been o b ta in ed  by ev ap o ra tio n
( 14.5 0 5 )
o f c o b a lt from a tu n g s te n  c o i l  f ilam e n t * , by e le c t r o le s s
( 66 )chem ical d e p o s itio n  and by ev ap o ra tio n  o f c o b a lt from a s i l i c o n
( 67)c ru c ib le  u s in g  rad io -freq u en cy  h e a tin g  . P o ly c ry s ta l l in e  film s
C 6 7 ) 0were formed because th e  s u b s tr a te s  were e i t h e r  g la ss  o r  q u a rtz  
( 66 )o r  th e  s in g le  c r y s ta l  sodium c h lo r id e  s u b s tr a te  was a t  a low 
tem peratu re  (* 300°K) during  d e p o s it io n .
E p i ta x ia l  s in g le  c r y s ta l  th in  f ilm s  o f  c o b a lt have been p ro ­
duced by many tech n iq u es  -
( i )  ev ap o ra tio n  from a tu n g s ten  f ila m e n t^ 68 ,59 \
( 1 £ Ck O ^
( i i )  ev ap o ra tio n  from a ceram ic c ru c ib le  * ,
(iii) by electrodeposition^8*9910,70)^
(71)( iv )  by su b lim atio n  from a c o b a lt  h e l ix  , and
(v ) by e le c tro n  bombardment^8 8 ,
By f a r  th e  most work on th e  m anufacture o f  th in  m e ta l l ic  film s
has been concerned w ith  vacuum d e p o s itio n  methods which have been
(72 73)e x te n s iv e ly  review ed in  th e  l i t e r a t u r e  51
Reviews in c lu d in g  th e  o th e r  m anufacturing  methods a re  a ls o  
to  be found ” . None o f th e se  methods m anufacture e n t i r e ly
rep ro d u c ib le  th in  f i lm s .  Films produced by e le c tro d e p o s i t io n ,  
chem ical d e p o s it io n , and ca th o d ic  s p u t te r in g  a r e ,  however, sub­
je c te d  to  a  much more complex environm ent th an  h igh  vacuum te c h ­
n iq u e s , which makes t h e i r  p ro p e r t ie s  d i f f i c u l t  to  c o n tro l .
Abnormal beh av io u r o f film s  so d ep o sited  cannot be e a s i ly  
ex p la in ed  by r ig o ro u s  th e o r ie s .
S ing le  c r y s ta l  copper s u b s tr a te s  have been used e x c lu s iv e ly  
f o r  th e  e le c tro d e p o s ite d  c o b a lt film s b u t many d i f f e r e n t  s in g le  
c r y s ta l  s u b s tr a te  m a te r ia ls  have been used fo r  c o b a lt f ilm s  p ro ­
duced in  vacuo by condensation from th e  vapour p hase . These a re  
p r in c ip a l ly  -
r • \ e a - *4 (11*60,68,69)( i )  Sodium C hloride 9 9 9  #
. ,  (6 ,7 ,1 1 ,6 3 ,6 4 )  ,( 11) Magnesium Oxide 9 9 9 9  ^
( i i i )  Lithium  F lo u r i d e ^ '^ .
C obalt s in g le  c r y s ta l  th in  film s  have a lso  been o b ta in ed  by
ev ap o ra tio n  onto  e p i ta x ia l ly  grown th in  s in g le  c r y s ta l  f ilm s  o f
(61 ,71 )copper *
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Bransky has grown c o b a lt on to  s in g le  c r y s ta l  c o b a lt  oxide
( 58 )s u b s tr a te s  to  observe th e  exchange a n iso tro p y . Gonzalez and
(59)Buder have grown e p i ta x ia l  c o b a lt th in  film s on s in g le  c r y s t a l  
f ilm s o f s i l v e r  which had been ev ap ora ted  onto  th e  c leavage face  
o f m ica.
A ll th e  s in g le  c r y s ta l  c o b a lt  f ilm s  were found to  be in  th e  
face  c en tred  cub ic  phase , whereas bu lk  c o b a lt i s 'n o t  found in  t h i s  
phase below = 420°C.
Using r e f l e c t io n  e le c tro n  d i f f r a c t io n  te c h n iq u e s , S a to ^ * ^  
has found th a t  the  mode o f  e p ita x y  o f  c o b a lt  on magnesium oxide 
s u b s tr a te s  i s
(0 0 1 )MgO/ / ( 0 0 1 ) Co 11001 M g < /1 1001 Co
( 61)Heavens no ted  a s im ila r  e p i t a x ia l  co n d itio n  f o r  c o b a lt 
f ilm s  grown on sodium c h lo r id e  s u b s t r a te s ,  namely
(001)H a « //(00;L )Co l 10° l NaCi^ I1001 Co
However, Heavens d id  observe th a t  c o b a lt f ilm s  e p ita x ed  onto  sodium 
ch lo rid e  had hexagonal c lo se  packed reg io n s  in  them , even f o r  
d e p o sitio n  tem pera tu res  in  excess o f  500°C.
Vapour d e p o s itio n  o f co b a lt onto magnesium oxide s in g le  
c r y s ta l  s u b s tr a te s  has been used in  t h i s  in v e s t ig a t io n  to  produce 
continuous s in g le  c r y s ta l  c o b a lt th in  film s  o f  known o r ie n ta t io n .
3 .2  The Vapour Source
I t  seems c e r ta in  th a t  f ilm s produced by vapour d e p o s it io n
usin g  an e le c tro n  bombardment h ea ted  sp e c tro g ra p h ic a lly  pure  ro d
o f th e  d e p o sitio n  m a t e r i a l ^ ^  g ives th e  " c le a n e s t"  f i lm s . There
are  no chances o f  any c ru c ib le  o r  f ilam e n t m a te r ia l con tam inating
th e  f i lm  d e p o s it w ith  th i s  method. Lack o f  ev ap o ra tio n  r a t e
c o n tro l i s  a  d isadvan tage  however, u n le ss  h igh  power e le c tro n
sou rces a re  a v a i la b le .  In  th e  p re s e n t work vapour d e p o s it io n  from
( 79—7*5)a tu n g s ten  f ilam e n t "* wound w ith  c o b a lt w ire  has been employed 
in  th e  m anufacture o f  c o b a lt th in  f i lm s .  However, no m easurable
t r a c e s  o f  tu n g s te n  were found in  th e  f i lm s . The th in n e s s  o f  th e  
f ilm s  (< 40 nm) hampered h ig h ly  acc u ra te  d e te rm in a tio n  o f  f ilm  
a n a ly s is ,  b u t e le c tro n  m icropfobe a n a ly s is  d id  show th a t  th e  film s 
had < 1% tu n g s ten  in  them.
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Olsen observed th a t  c o b a lt  r e a c ts  v io le n t ly  w ith  tu n g s te n
n e a r  i t s  ev ap o ra tio n  tem pera tu re  b u t he showed th a t  i f  th e  w eigh t
r a t i o  o f  c o b a lt  to  tu n g s ten  could  be kep t below 35%, th e  tu n g s te n
in  th e  f ilam e n t would n o t be ev ap o ra ted . He su g gested  th a t  by
e le c t r o p la t in g  th e  tu n g s ten  filam e n ts  w ith  c o b a lt he cou ld  d e p o s it
a  uniform  la y e r  o f c o b a lt on th e  f ila m e n ts  t o  l e s s  than  35% w eight
r a t i o ,  and hence s u c c e s s fu lly  e lim in a te  th e  tu n g s ten  c o rro s io n .
The e le c t r o p la t in g  b a th  Olsen used was 150 gm Co C£2 p lu s  180 gm Ca
in  w ater to  1 l i t r e  u s in g  iro n  anodes and a p la t in g  c u rre n t o f  
- 22 yA mm . This method was t r i e d  w ith  a s t a i n le s s  s t e e l  anode.
The p rep ared  f ilam e n ts  ou tgassed  co n sid e rab ly  in  th e  e v ap o ra tio n  
chamber however. E lec tro n  m icroprobe a n a ly s is  o f  th e  f ilm s  p ro ­
duced, showed th a t  th e y  co n ta in ed  up to  7% i r o n .  Presum ably t h i s  
came from th e  anode s in ce  i t  had a  p i t t e d  appearance a f t e r  th e  
e le c t r o p la t in g  p rocedure .
I t  was decided to  use s p e c tro g ra p h ic a lly  pure  c o b a lt  w ire  o f  
0 .25  mm d iam eter (su p p lie d  by Johnson M athey). The c o b a lt  w ire  
had a s ta t e d  im purity  o f  3 p .p .m . o f  i r o n .  The w ire  was wound 
by hand onto  th e  tu n g s te n  f ilam e n ts  which had been p re v io u s ly  
h ea ted  in  a  vacuum to  remove th e  su rfa ce  oxide la y e r  (F ig u re  3 .1 ) .
Up to  1 .1  m o f  th e  c o b a lt  w ire could be loaded  onto  a  tu n g ­
s te n  f ilam en t w ithou t exceeding th e  35% w eight r a t i o .  In  p r a c t i c e ,  
however, on ly  approxim ately  0.25 m o f  w ire  needed to  be wound onto  
th e  f ila m e n t to  produce th e  re q u ire d  f ilm  th ic k n e s s .
Figure 3 .2  shows a f ilam en t a f t e r  an e v ap o ra tio n . Not a l l  
th e  c o b a lt  w ire has been ev ap o ra ted . The s o l id i f i e d  l iq u id  
c o b a lt can be seen in  between th e  f ilam en t s t r a n d s .  There i s  
l i t t l e  evidence o f any filam en t c o rro s io n .
The optimum source to  s u b s tr a te  d is ta n ce  was determ ined by 
co n sid e rin g  th a t  -
( i )  th e  ev ap o ra tio n  source should  be as f a r  away as 
p o s s ib le  from th e  s u b s tr a te  su rfa c e  to  produce 
f ilm s  o f  uniform  th ic k n e s s ,
( i i )  f a s t  ev ap o ra tio n  r a te s  fav o u r c lean  f i lm s , e .g .  
l e a s t  in c lu s io n s  due to  r e s id u a l  g a se s ,
( i i i )  slow ev ap o ra tio n  r a te s  favou r e p ita x y .
Source to  s u b s tr a te  geometry has been d e a l t  w ith  e x te n s iv e ly
(72)
by H olland . The maximum source to  s u b s tr a te  d is ta n c e  t h a t  
could  be used in  th e  p re se n t in v e s t ig a t io n  was 60 mm, due to  
l im ita t io n s  o f th e  ev ap o ra tio n  chamber. H olland has found th a t  
w ith  a source to  s u b s tr a te  d is ta n c e  o f  60 mm and a tu n g s te n  h e l i c a l  
f ilam e n t source  o f  dim ensions 1 .5  mm x 6 mm d iam ete r , th e  expected  
th ic k n e ss  v a r ia t io n  over a 10 mm diam eter c i r c u la r  s u b s tr a te  a re a  
would be < 2%.
R esidual gases in  th e  ev ap o ra tio n  chamber during  d e p o s it io n  o f
(77-79)a f ilm  can g re a t ly  a f f e c t  f ilm  p ro p e r t ie s  ~ . Even w ith  a
*"3 p csupposedly "high vacuum" o f 10 Nm (10 t o r r )  a monomolecular 
la y e r  o f  r e s id u a l  gas i s  s t r ik in g  th e  s u b s tr a te  su rfa c e  every  
second. For h ig h ly  re a c t iv e  gases such as oxygen, th e  s t ic k in g  
p ro b a b i l i ty  o f th e  gas m olecules could  be as h igh  as t h a t  o f  th e  
d e p o sit atom s. U nless ex trem ely  h igh  ev ap o ra tio n  r a te s  a re  used
(100 nm sec"*1) ,  f ilm s  w i l l  have a g re a t d ea l o f  in c lu d ed  gas 
in c o rp o ra te d  in  th e n /8*^ . I t  was decided th e re fo re  th a t  th e  
s t ic k in g  p ro b a b i l i ty  o f th e  r e s id u a l  gas must be reduced . I t  
was though t th a t  " f lu sh in g "  th e  ev ap o ra tio n  chamber w ith  h igh  
p u r i ty  i n e r t  gas p r io r  t o  ev ap o ra tio n  o f  a f ilm  would so lv e  th e  
problem .
High p u r i ty  (99.995%) Argon was o b ta in ed  f o r  t h i s  pu rpose . 
I t  was hoped th e re fo re  th a t  any re s id u a l  gas p re s e n t in  th e  
chamber du ring  ev ap o ra tio n  would be m ainly argon .
I t  has been shown^80  ^ th a t  th e  number o f  gas m o lecu les , v , 
s t r i k in g  a su rfa c e  in  u n i t  tim e i s  g iven  by
v = 4 .56  x 1024 P
—2where P i s  th e  p re s su re  in  Nm . M' i s  th e  m o lecu lar w eight o f  
th e  g a s , T i s  th e  a b so lu te  tem pera tu re  o f  th e  g a s . The number o f  
f i lm  m a te r ia l  m olecu les, X, adhering  to  th e  s u b s tr a te  i s  g iven  by
N
* = 1 0 - r p
dT
d t\ J
where M i s  th e  m olecu lar w eight o f  th e  m a te r ia l ,  p i s  th e  f i lm
dT .d e n s ity , .N i s  A vagadro's number and —  i s  th e  d e p o s it io n  r a t e  m
nm se c - 1 . The maximum im purity  co n ten t due to  r e s id u a l  gases
in c luded  in  th e  f ilm  i s  then  rr  . With th e  ev ap o ra tio n  chamberA
used in  th e  p re se n t in v e s t ig a t io n  th e  u ltim a te  p re s su re  was
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4 x io  w Nm (3 x 10 t o r r ) .  The re s id u a l  gas tem p e ra tu re  must 
have been approxim ately  200°C due to  th e  s u b s tr a te  h e a te r .  The 
d ep o sitio n  r a te  was approxim ately  0 .1  nm sec*’1 . These v a lu es  
w ith  argon as th e  re s id u a l  gas and c o b a lt as th e  f ilm  m a te r ia l
g ive  an im purity  value o f
This means t h a t  e ig h t  m olecules o f  Argon a re  s t r ik in g  th e  sub­
s t r a t e  f o r  every  one o f  th e  f ilm  m a te r ia l  du ring  d e p o s it io n . 
A c tu a lly  th e  s t ic k in g  p ro b a b i l i ty  f o r  th e  argon m olecules i s  
p robab ly  very  low, le s s  th an  0 .05^8<^ ,  so  th e  im p u rity  co n ten t 
g iven  h ere  would be co rresp o n d in g ly  h ig h e r .
(81)E lec tro n  m icroprobe a n a ly s is  showed no t r a c e s  (< 1%) o f  
argon in  th e  f i lm s .
3 .3  The S u b s tra te
The p re p a ra t io n  o f  th e  s u b s tr a te  su rfa c e  p r io r  to  e p i t a x ia l
th in  f ilm  growth must be c a r r ie d  out w ith  extreme ca re  to  ensure
(1 82 83)th e  p ro d u c tio n  o f  rep roduceab le  c lean  film s * 9 . I d e a l ly ,
a s u b s tr a te  on which e p i t a x ia l  growth o f  a f ilm  i s  to  be a ttem p ted  
must meet s e v e ra l  req u irem en ts , e . g .
(a )  Clean a to m ica lly  smooth su rfa ce  over th e  a re a  
f o r  f ilm  grow th.
(b ) A s im ila r  c o e f f ic ie n t  o f  th erm al expansion to  
th e  f ilm  m a te r ia l so  as to  reduce therm al 
s t r a i n  in  th e  film  a f t e r  co o lin g  from th e  
d e p o sitio n  te m p e ra tu re .
(c )  Low vapour p re ssu re  a t  th e  d e p o sitio n  te m p e ra tu re .
(d ) No chem ical re a c tio n  w ith  th e  f ilm  m a te r ia l .
(e )  The a b i l i t y  to  produce continuous uniform  
film s o f  th e  re q u ire d  c r y s ta l  s t ru c tu re  a t  
th e  re q u ire d  th ic k n e s s .
S ing le  c r y s ta l  th in  film s o f  c o b a lt  have been s u c c e s s fu lly  
grown on magnesium oxide and sodium c h lo rid e  s u b s t r a te s .  The 
main advantage o f u s in g  a sodium c h lo rid e  s u b s tr a te  i s  t h a t  th e
f ilm  can be r e a d i ly  removed from th e  s u b s tr a te  w ith  w a ter^6^ .
This reduces therm al s t r e s s  in  th e  f ilm  and f a c i l i t a t e s  t r a n s ­
m ission e le c tro n  m icroscope s tu d ie s  o f  th e  f i lm . However,
C o llin s^ 88  ^ showed th a t  s in g le  c r y s ta l  c o b a lt f i lm s ,  w ith  a 
th ic k n e ss  < 20 nm, which have been f lo a te d  o f f  a sodium c h lo rid e  
s u b s t r a te ,  r e v e r t  to  th e  normal room tem p eratu re  (hexagonal c lo se  
packed) p o ly c ry s ta l l in e  phase .
In  t h i s  work s in g le  c r y s ta l  magnesium oxide s u b s tr a te s  have
been used . The vapour p re ssu re  o f magnesium oxide a t  th e
d ep o sitio n  tem pera tu res  used i s  very  low. The c o e f f ic ie n ts  o f  
therm al expansion o f  magnesium oxide and c o b a lt a re  a ls o  s im i la r  
be ing  12.5 * 10 6 and 18 x 10 6 r e s p e c t iv e ly .
3 .3 .1  The P rep a ra tio n  o f  th e  (001) S u b s tra te  Surface
Large s in g le  c r y s ta ls  o f  magnesium oxide (= 20 x 20 x 30 mm)
which had been grown by an e l e c t r i c  a rc  fu s io n  method, were o b ta in ed
from W & C S p ice r L td . The fa c e s  o f  th e  su p p lie d  c r y s ta ls  were 
c leaved  {l00} p la n e s . The c r y s ta ls  were s ta t e d  by th e  s u p p l ie r  
to  co n ta in  le s s  than  100 p.p.m.  o f  fe rro m ag n e tic  m a te r ia l .  The 
c r y s ta ls  w ere, however, analy sed  on r e c e ip t  by th e  X-Ray f lo u re sc e n c e  
method and were found to  co n ta in  up to  3000 p .p .m.  o f  i r o n .
Torque curves o f th e  s u b s tr a te s  showed evidence o f  t h i s  im p u rity  
(see  C hapter 6 ) .
Magnesium oxide c leav es  predom inantly  on {lOO} faces  
a lthough { lio }  cleavage has been o b s e rv e d ^ 1*^  w ith  c r y s ta ls  
co n ta in in g  1% im p u r it ie s .  The la rg e  c r y s ta ls  were c leaved  w ith  
a cleavage k n ife  u n t i l  s e v e ra l  s u b s tr a te s  w ith  dim ensions o f  
-  12.5  x 12.5 x 3 mm were o b ta in e d . F igure 3 .3  shows an i n t e r -  
ferogram  o f  a  s i lv e re d  cleavage s u r fa c e . This can be seen to  be 
c ro ssed  by many cleavage s te p s  up to  many ym in  h e ig h t .  I t  was 
n o t p o s s ib le  to  o b ta in  a 10 mm d iam eter c i r c u la r  a re a  on th e  sub­
s t r a t e s  w ithou t in c lu d in g  many cleavage f e a tu r e s .  However, some 
film s  were grown on f r e s h ly  c leaved  su rfa c e s  f o r  com parison w ith  
f ilm s  d ep o sited  on p o lish e d  s u b s t r a te s .
to  o b ta in  a smooth s u b s tr a te  s u r fa c e , v a rio u s  p o lis h in g  
techn iques were employed. The c ry s ta ls  were mounted in  a  m e ta l-  
lo g rap h ic  mounting p l a s t i c  by th e  same methods used  f o r  p re p a rin g  
m e ta l lu rg ic a l  specim ens. One o f th e  la rg e  {lOO} faces  o f  th e  sub­
s t r a t e  was exposed a t  th e  bottom  o f  th e  mount. To remove la rg e  
cleavage f e a tu r e s ,  e<g. s te p s ,  th e  mounted c r y s ta l s  were abraded 
on a ’’S tru e rs "  wet g rin d in g  machine. This used w a te r as a 
lu b r ic a n t  and 240, 340 and f i n a l l y  600 g r i t  s i l i c o n  ca rb id e  p ap er 
as th e  a b ra s iv e . The c r y s ta l  su rfa c e  was th en  c a r e f u l ly  r in s e d  
in  running w ater to  remove any p a r t i c l e s .
To o b ta in  a m irro r  f in i s h  on th e  s u b s tr a te  su rfa c e  th e  mounted 
c ry s ta ls  were lapped on a r o ta t in g  wheel lap p in g  m achine. The 
wheel was covered w ith  "Hyprocel P e llo n ” foam f a b r ic  m a te r ia l  w ith  
nHyprezu 6y and f i n a l ly  ly  diamond compound as th e  a b ra s iv e s . 
Between th e  two grades o f diamond p o lis h in g  and a t  th e  end o f  th e  
p ro c e ss , th e  mounted c r y s ta l  was c a r e fu l ly  swabbed w ith  c o tto n  
wool soaked in  d e te rg en t and c a r e fu l ly  r in s e d  in  d i s t i l l e d  w a te r .
T his was t o  remove any diamond and magnesium oxide p a r t i c l e s  and 
lap p in g  lu b r ic a n t  from th e  c r y s ta l  s u r fa c e . The s u b s tr a te s  were 
removed from t h e i r  mounts by d is so lv in g  th e  p l a s t i c  in  ch loroform .
The c r y s ta l s  were c a r e fu l ly  r in s e d  in  chloroform  s e v e ra l  tim es to  
remove a l l  t r a c e s  o f th e  p l a s t i c .
This m echanical p o lis h in g  produced s u b s tr a te s  w ith  m ir ro r - l ik e  
s u r fa c e s ;  th e se  were a lso  f l a t  and had no rounding  o f  th e  c r y s ta l  
edges. M echanical p o lis h in g  m ust, however, in tro d u ce  co n sid e ra b le  
c ry s ta l lo g ra p h ic  damage in to  th e  s u b s tr a te  su rfa ce  la y e r .  Film s 
d ep o sited  on th e se  s u b s tr a te s  grew in  an u n o rie n te d  fa sh io n  (se e  
C hapter 4 ) .
I t  was ev id en t th a t  f u r th e r  tre a tm en t would have to  be employed 
to  remove t h i s  damaged la y e r .  A nnealing th e  s u b s t r a t e s c o u l d  
be a  way o f  r e c r y s t a l l i z in g  th e  s u b s t r a te s ,  b u t as th e  m e ltin g  p o in t 
o f  magnesium oxide i s  2800°C, i t  was though t th a t  t h i s  would in v o lv e  
to o  many d i f f i c u l t i e s .  I t  was decided  t o  chem ica lly  p o lis h  th e  
s u b s tr a te  s u r f a c e .
(17 84—87)S evera l au th o rs  5 ” have re p o r te d  th a t  o rth o p h o sp h o ric
a c id  a t  approxim ately  100°C i s  a  good p o lis h  fo r  th e  {lOO} fa c e s  o f
magnesium oxide c r y s t a l s .  A fte r  rem oval from th e  m ounting p l a s t i c ,
th e  s u b s tr a te  c r y s ta l  was c a r e fu l ly  swabbed w ith  a co tto n  wool pad
soaked in  warm d e te rg e n t, r in s e d  tw ice  in  h o t "A nalar" w a te r and
h e ld  over b o il in g  iso -p ro p y l a lco h o l t o  remove any w a te r from th e
s u r fa c e . The c r y s ta l  was p laced  in  90% o rthophosphoric  a c id  a t
100°C f o r  th re e  m inu tes. E le c t r ic  m icrom eter measurement showed
th a t  th i s  removed between 3 and 5 ym o f m a te r ia l .  This i s  in  good
( 88 )agreement w ith  Ghosh . On rem oval from th e  a c id  b a th  th e  c r y s ta l  
was r in s e d  tw ice  in  h o t "A nalar1’ w a te r and then  d r ie d  ov er b o i l in g
is o -p ro p y l a lc o h o l . The p repared  s u b s tr a te  was th en  im m ediately 
p laced  in  th e  ev ap o ra tin g  u n i t .
There have been a g re a t number o f s u b s tr a te  c lea n in g  ’’re c ip e s "
(74 89)quoted in  th e  l i t e r a t u r e  * • An u l t r a s o n ic  c lea n in g  b a th  i s
o fte n  in c luded  a t  some s tag e  o f  th e  p ro c e ss . This method was 
a ttem pted  w ith  th e  magnesium oxide s u b s t r a te s ,  b u t i t  was found 
t h a t  i t  i n i t i a t e d  s e lf -c le a v a g e  o f  th e  s u b s tr a te s  a long  t h e i r  {lOO} 
fa c e s .  This e f f e c t  was q u ite  common w ith  th e  (001) s u b s tr a te s  and 
o ccurred  in  every  ( 111) s u b s tr a te  where cleavage was observed  on 
th e  {lOO} p la n e s . I t  was a lso  n o tic e d  th a t  therm al shock induced 
by u sin g  b a th s  a t  d i f f e r e n t  tem p era tu res  during  th e  chem ical 
p o lish in g  p rocess a lso  p re c ip i ta te d  s e lf -c le a v a g e  o f  th e  c r y s t a l s .
An in te rfe ro g ram  o f a p o lish e d  (001) s u b s tr a te  su rfa c e  i s  shown in  
F igure  3 .4 .
When a d ep o sited  c o b a lt f ilm  had been tho ro u g h ly  in v e s t ig a te d ,  
th e  s u b s tr a te  on which i t  had been grown was re p o lis h e d , as has been 
o u tlin e d  above, to  enable i t  to  be used f o r  subsequent d e p o s it io n s . 
The c o b a lt f ilm  was removed by swabbing th e  f ilm  and s u b s t r a te  in  a 
5% n i t r i c  a c id  s o lu tio n .
3*3.2 The P rep a ra tio n  o f th e  (111) S u b s tra te  Surface
Magnesium oxide does no t c leave  on th e  { m l  p la n e s . Sub­
s t r a t e s  w ith  dimensions =* 12.5 x 12.5 x 3 mm were c u t ,  from la rg e  
"as su p p lied "  c r y s t a l s ,  w ith  a  diamond saw so th a t  a ( 111) p lan e  was 
exposed on one o f th e  two 12.5  x 12.5 mm fa c e s , X-Ray tra n sm iss io n  
Laue d i f f r a c t io n  p a t te rn s  o f th e se  c ry s ta ls  showed th a t  th e  fa c e s  
were w ith in  2° o f th e  (111) p lan e  (F igure  3 . 5 ) .  One o f  th e  long  
edges o f th e  s u b s tra te  was in  a <1 1 2> d i r e c t io n .
To remove th e  la rg e  saw marks produced by th e  diamond c u tt in g  
wheel (F igu re  3 . 6 ) ,  th e  c r y s ta ls  were mounted and m echanically  
p o lish e d  in  th e  same way as th e  (001) s u b s t r a te s .  A chem ical 
p o lis h  f o r  th e  ( 111) face  o f  magnesium oxide was now needed to  remove 
th e  d is o r ie n te d  su rfa c e  la y e r  produced by th e  m echanical p o lis h in g .
G r e i n e r ^ ^  re p o r te d  th a t  he was ab le  to  p o lis h  { i l l}  fa c e s  o f
(91)
magnesium oxide in  a s o lu tio n  o f NH^ Cjj, and S0^. Berkowitz 
quoted a s o lu tio n  o f 48 gm NH C& p lu s  240 cc o f  HO p lu s  60 cc H SO
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to  be used fo r  f iv e  m inutes a t  room tem peratu re  a f t e r  f i n a l  la p p in g . 
The l a t t e r  s o lu tio n  was t r i e d  as a  chem ical p o lis h  f o r  th e  (111) 
s u b s tr a te s  b u t was found to  a t ta c k  p r e f e r e n t i a l ly  on {100} p la n e s .
This p o lis h  a tta c k e d  any sm all s c ra tc h e s  due to  th e  lap p in g  u n t i l  
th e  c r y s ta l s  had lo s t  t h e i r  m ir ro r - l ik e  s u r fa c e .
The o rthophosphoric  a c id  p o lis h  used f o r  th e  {100} p la n es  was 
t r i e d  as a { in }  p lane  p o lish  u sin g  v a rio u s  d i lu t io n s  and o p e ra tin g  
te m p e ra tu res . However, t h i s  seemed to  a c t  as a d is lo c a t io n  e tc h  on 
th e  { i l l}  (F igure  3 . 7 ) .
Film s were d ep o sited  onto (111) s u b s tr a te  p lan es  in  an a ttem p t 
to  o b ta in  s in g le  c r y s ta l  ( 111) c o b a lt f ilm s  b u t th e se  e f f o r t s  f a i l e d  
to  meet w ith  any su cc e ss .
3 .4  The D eposition  o f th e  Films
The film s  were p repared  in  an Edwards 12E6 c o a tin g  u n i t  w ith  a
s tan d a rd  o i l  vapour d if fu s io n  pump, p2^5 t r a P n o ta ry  b ack ing
— 3 —2pump. This system  had an u ltim a te  p re ssu re  o f  4 x 10 Nm 
— 5(3 x io  t o r r )  in  th e  12" d iam eter b o r o - s i l i c a te  ev ap o ra tio n  chamber.
3 .4 .1  The E vaporation  Chamber
The ev ap o ra tio n  chamber f i t t i n g s  a re  shown in  F ig u res  3.8 and 
3 .1 0 . The f ilam e n t power, 10V 60A, i s  su p p lie d  v ia  two le a d - in  
e le c tro d e s  in  th e  base p la te .  The e l e c t r i c a l  su p p lie s  f o r  th e  sub­
s t r a t e  h e a te r ,  th in  f ilm  th ic k n e ss  r e s is ta n c e  m onito r and th e  therm o­
couple fo r  th e  h e a te r  c o n tr o l le r  were connected v ia  two fo u r -p in  
e le c tro d e s  in  th e  base p l a t e .  The f ilam en t was su pported  by two 
clamps a t  a h e ig h t o f 60 mm above th e  s u b s tr a te  s u r fa c e . A r o ta ta b le  
s ta in le s s  s t e e l  s h u t te r  was p o s itio n e d  in  between th e  f i la m e n t,  and 
th e  th ic k n e ss  m onitor and s u b s t r a te .
The s u b s tr a te  was clamped to  and h ea ted  by a copper " so le  p la te "
(74)oven. The oven was o f a mica sandwich type , see  F ig u res  3.9 
and 3 .1 1 . The oven elem ent was wound w ith  34 S.W.G. nichrome w ire .
The oven was th e rm a lly  in s u la te d  from th e  r e s t  o f th e  e v ap o ra tio n
chamber f i t t i n g s  by fo u r  sm all p o rc e la in  le g s .  The h e a te r  tem per­
a tu re  was s e t  and c o n tro lle d  by an E th e r 18-90 p re c is io n  h e a te r  con­
t r o l l e r  which cou ld  be s e t  to  0.1°C in  th e  range 0-700°C. The con­
t r o l l e r  m onitored th e  h e a te r  tem peratu re  w ith  a chrom el-alum el 
therm ocouple p o s itio n e d  in  between th e  mica sandw ich. The c o n t r o l le r  
was found to  keep th e  h e a te r  tem pera tu re  to  w ith in  5°C o f  th e  s e t  
p o in t ,  as measured by th e  therm ocouple E.M.F.
The d ep o sitio n  a re a  on th e  s u b s tr a te  su rfa ce  was d e fin ed  by a
10 mm d iam eter ho le  punched in to  a copper mask. The mask a lso
clamped th e  s u b s tr a te  to  th e  h e a te r  so le  p la te  (F ig u re  3 .1 1 ) .
A permanent magnet (F ig u re  3 .10) p laced  in  th e  e v ap o ra tio n
103 -1chamber p rov ided  a c o n stan t m agnetic f i e l d  o f 350 * Am . The
f i e l d  was in  th e  p lane o f  th e  s u b s tr a te  su rfa c e  and in  a d i r e c t io n
p a r a l l e l  to  th e  e j e c t e d  easy d i r e c t io n  o f  m ag n etisa tio n  fo r  th e  
s in g le  c r y s ta l  f ilm  d e p o s it .  These were <011> d ir e c t io n s  f o r  th e  
(001) s u b s tr a te s  and <1 1 2> fo r  th e  (111) s u b s tr a te s  (C hapter 6 ) .
I t  was though t th a t  th e  p resence  o f  t h i s  m agnetic f i e l d  d u ring  th e  
f ilm  d e p o sitio n  would encourage th e  d e p o s it to  be m o n o c ry s ta llin e .
(23,75)An e l e c t r i c  r e s is ta n c e  th in  f ilm  th ic k n e ss  m onitor was
a ls o  in c lu d ed  in  th e  chamber beneath  th e  s h u t te r  (F ig u res  3.10 and 
3 .1 3 ) . The re s is ta n c e  change between th e  two copper e le c tro d e s  
evaporated  onto th e  ends o f  a g la s s  s l id e  ( = * 3 0 x 5 x 0 . 5  mm) exposed, 
to  th e  evaporan t could be m onitored o u ts id e  th e  chamber during  
d e p o s it io n . The e l e c t r i c a l  c i r c u i t  fo r  th e  th ic k n e ss  m onitor i s  
shown in  F igure 3 .1 4 . The g la s s  s l id e s  fo r  th e  th ic k n e ss  m onitor 
were p rep ared  by ev ap o ra tin g  s p e c tro g ra p h ic a lly  pure copper w ire 
from a tu n g s ten  f ilam e n t onto s l id e s  which had p re v io u s ly  been 
cleaned  in  iso -p ro p ly  a lc o h o l. The s l id e s  were mounted in  a j i g  
which only  exposed th e  ends o f  th e  s l id e s  to  th e  copper ev ap o ran t.
The j i g  was c o n s tru c te d  so th a t  th e  evapo ra ted  e le c tro d e s  were 
always 20 mm a p a r t  on the  s l id e s .  Tvrenty s l id e s  cou ld  be p rep a red  
a t  once and th ey  were s to re d  in  th e  vacuum chamber.
The s l id e s  were f i t t e d  in  th e  th ic k n e ss  m onitor by s l id in g  
between th e  mask and th e  main body o f  th e  m onitor (from  th e  back) 
u n t i l  th e  s l id e  appeared in  th e  p o s i t io n  shown (F ig u re  3 .1 3 ) . The 
mask ensured  th a t  a  c o n sta n t s l id e  w idth  was exposed to  th e  th in  
f ilm  evaporan t. E l e c t r ic a l  c o n ta c t to  th e  copper e le c tro d e s  was 
made v ia  two sp rin g  co n n ec tions.
The th ic k n e ss  m onitor was c a l ib r a te d  by ev ap o ra tin g  s e v e ra l  
c o b a lt f ilm s  onto magnesium oxide s u b s tr a te s  and then  c o r r e la t in g  
th e  observed v o lta g e  drop ac ro ss  th e  th ic k n e ss  m onito r g la s s  s l id e
w ith  th e  c r y s ta l  f i lm  th ic k n e ss  as determ ined by a  Nomarski i n t e r ­
fe ro m ete r (see  C hapter 4 ) .  F igure  3.12 shows th e  th ic k n e ss  m onito r 
c a l ib r a t io n  g raph . For each new s l id e  th e  v o ltag e  ac ro ss  th e  th ic k ­
ness m onitor (see  F igure  3 .14) was 1.500V (open c i r c u i t )  as re a d  from 
a S o la r tro n  1613 d i g i t a l  v o ltm e te r . The v o ltag e  ac ro ss  th e  th ic k ­
n ess  m onito r f o r  a  ty p ic a l  29 nm th ic k  specimen was 0.040V. The 
s u b s tr a te  h e a te r  was a t  550°C during  th e se  c a l ib r a t io n  ev ap o ra tio n s  
so  t h a t  th e  tem peratu re  o f  th e  th ic k n e ss  m onitor would be comparable 
f o r  a l l  th e  ev ap o ra tio n s .
This m onitor was n o t used to  measure th e  s u b s t r a te  f ilm  th ic k ­
ness a b so lu te ly  b u t once c a l ib ra te d  a g a in s t  th e  ab so lu te  i n t e r -  
fe ro m e tr ic  measurements gave a com parative f ig u re  f o r  th e  f ilm  
th ic k n e s s .
3 .4 .2  S u b s tra te  Surface Temperature
The va lue  o f th e  s u b s tr a te  tem p e ra tu re , T , du rin g  th e  evapo r-s
a tio n  o f an e p i t a x ia l  th in  film  has a g re a t  in f lu e n c e  on th e  n a tu re
(74 75)o f th e  evaporated  f ilm  9 . T herefore  th e  s u b s t r a te  c r y s t a l
su rfa ce  tem pera tu re  has to  be determ ined as a c c u ra te ly  as p o s s ib le .
S ev era l methods have been d ev ised  to  determ ine th e  s u b s t r a te  
su rfa ce  tem p e ra tu re . These in c lu d e  -
(92-94)( i )  evaporated  th in  f ilm  therm ocouples ,
_  . (1 1 ,4 6 ,9 6 ,9 7 )( n )  w ire therm ocouples ’ 9 * , and
( i i i )  m e lting  p o in t o f s tan d a rd  m a te r ia ls  p laced  on 
th e  s u b s tr a te  su rfa c e ^ 98\
O liv e r^98  ^ has no ted  th a t  th e  tem p era tu re  d if fe re n c e  measured a c ro ss
th e  fa c e s  o f a g la s s  s l id e  1 .3  mm th ic k  a t  a  h e a te r  tem p era tu re  o f  
3Q0°C, was 120°C. However, t h i s  measurement was o b ta in ed  u s in g  
1 mm d iam eter iro n /c o n s ta n tin  therm ocouple w ires which would have 
conducted a la rg e  amount o f h e a t away from th e  s u b s tr a te  s u r fa c e . 
Thin f i lm  therm ocouples have a very  sm all h ea t c a p a c ity  b u t t h e i r  
m anufacture and c a l ib r a t io n  a re  a l i t t l e  u n c e r ta in .
In t h i s  p re s e n t in v e s t ig a t io n  0 .12  mm diam chrom el-alum el 
therm ocouple w ire was u sed . Two p o lish e d  magnesium oxide sub­
s t r a t e s ,  one 1 .5  mm and th e  o th e r  3 mm th ic k ,  were p rep ared  w ith  a 
ho le  0 .5  mm diam by « 1 mm deep in  th e  c e n tre  o f th e  top  f a c e .
The therm ocouple ju n c tio n  was imbedded in  t h i s  d ep ress io n  and good 
th e rm al c o n ta c t was ensured  by p la c in g  a sm all amount o f  indium , 
which i s  l iq u id  a t  300°C b u t has a very  low vapour p re s s u re ,  over 
th e  ju n c t io n (9 6 ,9 9 ) .
The s u b s tr a te  was p o s itio n e d  on th e  h e a te r  and clamped w ith  th e  
copper mask. The therm ocouple le ad s  were taken  ou t o f th e  evapor­
a t io n  chamber v ia  a m u ltip in  le ad -th ro u g h . The chamber was th en  
ev acu a ted .
The s u b s tr a te  su rfa ce  tem peratu re  could  th en  be c a l ib r a te d  
a g a in s t th e  h e a te r  s e t  tem peratu re  (F igure  3 .1 5 ) . The tem p era tu re  
c o n t r o l le r  was s e t  to  produce a g iven  h e a te r  tem p era tu re  and th e  
c r y s ta l  su rfa c e  therm ocouple E.M.F. was reco rded  w ith  a  T in s le y  
p o ten tio m e te r when e q u ilib riu m  was reach ed . A ll c r y s t a l  tem per­
a tu re s  could  th en  be read  from th e  c a l ib r a t io n  cu rv e .
The c r y s ta l  su rfa ce  tem pera tu re  reached an e q u ilib riu m  s t a t e  in  
approxim ately  t h i r t y  m inutes a f t e r  tu rn in g  th e  h e a te r  on (se e  F igu re  
3 .1 6 ) . The c r y s ta l  took  approxim ately  fo u r hours to  reach  room 
tem peratu re  from 400°C when th e  h e a te r  was tu rn e d  o f f .
No d if fe re n c e  was no ted  in  th e  f i n a l  tem pera tu res o b ta in ed  
w ith  th e  two s u b s tr a te  th ic k n e s s e s .
No measure o f th e  h e a tin g  e f f e c t  o f a  f i la m e n t,  d u ring  evapor­
a t io n  , on th e  s u b s tr a te s  was made.
3.M-.3 The E vaporation  Procedure
During th e  s u b s tr a te  p o lish in g  p ro c e ss , a new tu n g s te n  f i l a ­
ment loaded  w ith  c o b a lt w ire was p rep ared  and a new th ic k n e ss  
m onitor g la s s  s l id e  was p laced  in  th e  m onito r. The new s l id e  had 
been h e ld  over b o i l in g  iso -p ro p y l a lc o h o l to  remove any o i l  o r
g rease  which may have accum ulated during  s to ra g e  in  th e  ev ap o ra tio n
chamber. When th e  s u b s tr a te  p o lish in g  procedure was com pleted, 
th e  s u b s tr a te  was p laced  im m ediately on th e  h e a te r  p la te  w ith  th e  
re le v a n t  c r y s ta l  d ire c t io n  p a r a l l e l  to  th e  permanent magnet f i e l d .  
The mask was p laced  over th e  s u b s tr a te  and clamped to  th e  h e a te r  
p la te .  The s h u t te r  was ro ta te d  to  cover th e  s u b s tr a te  and th ic k ­
ness m onitor and th e  ev ap o ra tio n  chamber was im m ediately  ev acu a ted . 
A p re ssu re  o f  4 x 10~3 Nm 2 (3 x 10~^ t o r r )  was reached  in  ap p ro x i­
m ately  tw enty m inu tes. The ev ap o ra tio n  chamber was th en  i s o la te d  
from th e  vacuum system  and was f lu sh e d  w ith  argon f o r  f iv e  m in u te s . 
This was c a r r ie d  out by opening th e  ev ap o ra tio n  chamber gas adm it­
tan ce  valve  to  a  c y lin d e r  o f h igh  p re s s u re . This brought th e  
ev ap o ra tio n  chamber up to  a tm ospheric  p re ssu re  in  a few m in u te s .
The argon flow  was con tinued  in  an e f f o r t  to  com pletely  f lu s h  th e
chamber. The gas adm ittance valve  was th en  c lo sed  and th e  chamber
re -e v a c u a te d . Before pumping down was com pleted, argon was b le d  
in to  th e  ev ap o ra tio n  chamber f o r  approxim ately  two m inutes as a 
f u r th e r  p re c a u tio n .
When th e  chamber was a t  4 x 10“3 Nm“2 (3 x 10“5 t o r r ) ,  th e  
h e a te r  was s e t  a t  550°C. This tem peratu re  was m ain ta in ed  f o r  
approx im ately  two h o u rs .
At th e  end o f t h i s  p e rio d  th e  h e a te r  tem p era tu re  was r e s e t  i f  
n e ce ssa ry , to  produce th e  re q u ire d  s u b s tr a te  d e p o s it io n  tem pera tu re  
Tg . This tem pera tu re  was m ain tained  f o r  one hour to  a t t a in  
e q u ilib riu m  •
At t h i s  p o in t ,  w ith  th e  s h u t te r  s t i l l  covering  th e  s u b s tr a te  
and th ic k n e ss  m o n ito r, th e  f ilam e n t c u rre n t was tu rn e d  on and slow ly  
in c re ase d  to  approxim ately  30 amps u n t i l  th e  c o b a lt w ire  m e lted .
The f ilam e n t c u rre n t was th en  q u ick ly  reduced to  z e ro . This p re ­
ven ted  ev ap o ra tio n  o f  th e  c o b a l t .
The s h u t te r  was ro ta te d  so th a t  th e  s u b s tr a te  and th ic k n e ss  
m onitor were exposed to  th e  f i la m e n t. The f ilam e n t c u rre n t was 
very  c a r e fu l ly  in c reased  u n t i l  th e  v o ltag e  a c ro ss  th e  th ic k n e ss  
m onitor s ta r te d  to  d rop . This showed th a t  th e  c o b a lt had s t a r t e d  
to  ev ap o ra te . The f ilam en t c u rre n t was m ain ta ined  a t  t h i s  v a lu e  
(=* 24 amps) and produced an ev ap o ra tio n  r a te  o f  = 0 .1  nm sec  
When th e  th ic k n e ss  m onitor v o ltag e  in d ic a te d  th a t  th e  c r y s ta l  f ilm  
th ic k n e ss  was th e  re q u ire d  v a lu e , th e  s h u t te r  was r o ta te d  t o  cover 
th e  s u b s tr a te  and th ic k n e ss  m o n ito r . The f ilam e n t c u rre n t was 
reduced to  zero  and th e  h e a te r  was sw itched  o f f .
The s u b s tr a te  and f ilm  were l e f t  in  th e  vacuum chamber to  co o l 
down to  room tem p era tu re .
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FIGURE 3 .1 . A tu n g s ten  f ilam en t loaded w ith  c o b a lt w ire 
p r io r  to  e v ap o ra tio n .
FIGURE 3 .2 . A filam e n t a f t e r  the  ev ap o ra tio n  o f a f i lm .
FIGURE 3 .4 . In te rfe ro g ra in  o f  a (100) p o lish e d  s u r fa c e .
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FIGURE 3 .5 . T ransm ission Laue X-Ray d i f f r a c t io n  
p a tte rn  o f a (111) s u b s t r a te .
FIGURE 3 .6 . ( I l l )  s u b s tr a te  su rfa c e  a f t e r  c u t t in g  w ith  
a diamond w heel.
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FIGURE 3 .7 a . Etch p i t s  produced on (111) s u b s tr a te  
su rfa ce s  due to  v a rio u s  chem ical p o lish e s  
A ll have a m ag n ifica tio n  o f 270X.
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FIGURE 3 .10 . A g en e ra l view of th e  ev ap o ra tio n  chamber 
showing the  th ic k n e ss  m onitor a t  th e  top  
r ig h t  o f th e  p ic tu r e .  The f ilam e n t clamp 
has been removed fo r  c l a r i t y .
FIGURE 3 . 1 1 . The assem bled h e a te r  and s u b s tr a te  mask w ith  
a s u b s tr a te  in  p o s i t io n .
CR
YS
TA
L 
FIL
M 
TH
IC
KN
ES
S 
am
.
THICKNESS MONITOR
CALIBRATION GRAPH
THICKNESS MONITOR VOLTAGE DROP v.
FIGURE 3.12
ELECTRICAL
CONNECTIONS
MASK WITH SPRING 
CONTACTS
THICKNESS
MONITOR
FIGURE 3 .13
-  59 -
evaporant
glass slide with evaporated
copper electrodes
10 K
FIGURE 3 .1 4 . The th ick n ess  m onitor e l e c t r i c a l  c i r c u i t .
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CHAPTER 4
THE STRUCTURE OF THE FILMS
4 .1  In tro d u c tio n
This c h ap te r  d e sc rib e s  th e  methods used  to  determ ine th e  th ic k ­
ness  and morphology o f  th e  c o b a lt th in  f i lm s . In  o rd e r to  determ ine 
th e  an iso tro p y  p e r  m3 f o r  a f ilm  i t  i s  n ecessa ry  to  measure a c c u ra te ly  
th e  f ilm  th ic k n e ss  o r  volum e. The r e f le c t io n  e le c tro n  d i f f r a c t io n  
(RED) o f th e  film s  gave v a lu ab le  in fo rm atio n  on th e  c r y s t a l l i n i t y  o f 
th e  film s and t h i s  was c lo se ly  c o r re la te d  to  th e  f ilm  m agnetic p rop­
e r t i e s  .
4 .2  Film  Thickness
The v a rio u s  methods a v a ila b le  fo r  such measurements have been 
e x te n s iv e ly  review ed in  th e  l i t e r a t u r e 5 . i t  i s  obvious 
th a t  measurements made on th e  assum ption th a t  th e  f ilm  i s  a compact 
uniform  la y e r  o f  pure m a te r ia l ,  a re  l ik e ly  to  be co n sid e ra b ly  in  e r r o r  
i f  th e  f ilm  i s  ag g reg a ted , g ra n u la r , o r  contam inated w ith  occluded 
g a s . This i s  e s p e c ia l ly  so i f  th e  th ic k n e ss  i s  determ ined  by 
w eighing, to  f in d  th e  mass p e r u n i t  a re a ,  i f  th e  d e n s ity  i s  assumed 
to  be th a t  o f th e  bu lk  m a te r ia l .
M ultip le  beam in te r f e r o m e t r y ^ ^ ^  may be a p p lie d  sim ply and 
d i r e c t ly  to  f ilm -th ic k n e s s  d e te rm in a tio n . This tech n iq u e  has been 
developed to  a rem arkable degree and i s  commonly employed because o f  
i t s  convenience, s im p lic i ty  and r e l i a b i l i t y .  An accuracy  o f  about 
2 .0  nm can be o b ta in ed  in  a c a re fu l  measurement and about 10 nm in  
a  ro u tin e  p ro ced u re . However, f o r  f ilm  th ic k n e ss  < 10 nm th e  method
does become very  in a c c u ra te  due to  th e  d is c o n t in u ity  o f  th e  very  
th in  f i lm s . X-ray flu o rescen ce  m e t h o d s a r e  p re fe r r e d ,  
th e r e f o r e ,  to  determ ine very  th in  f ilm  volumes. The X-ray method
y ie ld s  numbers which a re  p ro p o r tio n a l to  th e  number o f  atoms p e r 
u n i t  a re a  re sp o n s ib le  fo r  flu o rescen ce  when th e  f ilm  i s  e x c ite d  by 
K r a d ia t io n  o f  a s u i ta b le  w avelength . The presence  o f  i s o la te d
(X
is la n d s  in  very  th in  film s  ( < 1 0  nm) makes i t  d i f f i c u l t  to  a t ta c h  
any p h y s ic a l s ig n if ic a n c e  to  a th ic k n e ss  de fin ed  on th e  b a s is  o f  a 
con tinuous f ilm .
D eterm ination o f  th e  m agnetic volume o f  a th in  f ilm  may be
measured by a low f i e l d  to rq u e  curve t e c h n i q u e ( s e e  C hapter 5 ) .
This method i s  used to  determ ine th e  s a tu r a t io n  moment u o f  a  f ilms
which i s  eq u al to  M x th e  f ilm  volume. Only th e  volume c o n tr ib u -s
t in g  to  th e  to rque  i s  determ ined  by t h i s  method r a th e r  than  th e  
t o t a l  volume which would a lso  in c lu d e  any non-m agnetic m a te r ia l  
p re s e n t .
In  th e  p re se n t in v e s t ig a t io n  a Nomarski p o la r i s a t io n  i n t e r ­
fe ro m ete r on a R e ich a rt MEF camera m icroscope was used to  measure 
film s o f  th ic k n e ss  > 18 nm and th e  m agnetic to rque  method used f o r  
film s w ith  th ic k n e ss  < 18 nm.
4 .2 ,1  O p tica l Method
The p o la r is a t io n  in te rfe ro m e te r  produces in te r fe re n c e  f r in g e s  
from two images o f  th e  o b je c t which a re  formed as th e  l i g h t  p a sse s  
through a double q u a rtz  p rism . The green l in e  o f  mercury was used 
w ith  a w avelength o f  546 nm. These two images a re  s l i g h t l y  d i s ­
p laced  and t i l t e d  r e l a t i v e  to  each o th e r  and th u s  g ive  r i s e  to  
in te r fe re n c e  f r in g e s .  In  t h i s  way each p o in t on th e  o b je c t s u r ­
face  i s  compared w ith  a ne ighbouring  p o in t on th e  same s u r fa c e , one 
image always a c t in g  as re fe re n c e  su rfa ce  r e l a t i v e  to  th e  o th e r  image, 
see F igure  4 .1 .
T herefore  a s tep  in  a f i lm , eq u a l to  th e  f ilm  th ic k n e ss  D, 
w i l l  le a d  to  a f r a c t io n a l  f r in g e  d isp lacem ent ^  where D i s  given by
D = X i s  546 nm .2N
The mask shadow edge o f  th e  th in  c o b a lt  f i lm  p rov ided  a s te p  h e ig h t 
eq u a l to  th e  f ilm  th ic k n e ss ; To improve th e  r e f l e c t i v i t y  o f  th e  
s u b s t r a te ,  th e  complete s u b s tr a te  and f ilm  su rface  had a th in  
aluminium f ilm  evapora ted  onto i t .
A perspex  j i g  was c o n s tru c te d  to  improve th e  accuracy  o f  th e  
f r in g e  d isp lacem ent measurem ents. A photom icrograph o f  th e  
f r in g e  d isp lacem en t, taken  on th e  MEF m icroscope, was clamped onto 
th e  perspex  j i g  such th a t  th e  f r in g e s  were a t  45° to  a s c a le  on th e  
j i g .  A 45° s e t  square was then  moved over th e  m icrograph and th e  
f r in g e  d isp lacem ents cou ld  be read  from th e  s c a le  on th e  edge o f  
th e  j i g .  F igure  4 .1  shows a f r in g e  d isp lacem ent due to  th e  edge 
o f  a 41 nm ± 2 .5  nm th ic k  f ilm .
A ll th e  m agnetic film s o f  th ic k n e ss  > 18 nm, had t h e i r  th ic k ­
ness measured u sin g  t h i s  method, a f t e r  t h e i r  m agnetic p ro p e r t ie s  
had been determ ined and th e  e le c tro n  d i f f r a c t io n  c a r r ie d  o u t.
3 E lec tro n  D if f ra c tio n
A s h o r t  in v e s t ig a t io n  was made to  determ ine th e  morphology 
o f  th e  c o b a lt th in  film s produced by th e  tech n iq u es  d e sc rib e d  in ' 
C hapter 3.
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4 .3 .1  In tro d u c tio n
I t  was decided to  leav e  th e  film s  on th e  MgO s u b s tr a te s  fo r
th e  s t ru c tu re  and m agnetic in v e s t ig a t io n s .  This e lim in a te d  any
ten d en c ie s  f o r  th e  F.C.C. f ilm  d e p o s it to  r e v e r t  to  a H.C.P. phase
(7)on removal from th e  s u b s t r a te .  Doyle has a lre ad y  a ttem p ted  to  
remove c o b a lt f ilm s  from MgO s u b s tr a te s  w ith o u t su cc e ss .
In  th e  case o f  bu lk  c r y s ta ls  th e  s t r u c tu r e  and o r ie n ta t io n  
can e a s i ly  be determ ined by X-ray d i f f r a c t io n  ^ . X-rays have, 
however, a very high p e n e tra tin g  power and in  th e  case o f  th in  
f i lm s , most o f  th e  d i f f r a c t io n  would occur in  th e  s u b s t r a te .  The 
p resence  o f  th e  th in  f ilm  la y e r  would, th e r e f o r e ,  produce on ly  a 
sm all change in  th e  d i f f r a c t io n  p ic tu r e .  F igure 4 .2  shows a 
c o b a lt th in  f ilm  d ep o sited  on th e  (001) face  o f  a MgO s in g le  
c r y s ta l  s u b s t r a te ,  p o s itio n e d  on th e  goniom eter s tag e  o f  a  Unicam 
S .25 wide angle X-ray d i f f r a c t io n  camera. A r e f le c t io n  o s c i l ­
la t io n  d i f f r a c t io n  p a t te rn  o b ta in ed  from th e  th in  f ilm  and sub­
s t r a t e  i s  shown in  F igure 4 .3 . This p a t te r n  was o b ta in ed  by 
o s c i l l a t i n g  th e  f ilm  and s u b s tr a te  ± 7 .5 °  about a 25° r e f l e c t io n  
an g le . N ickel f i l t e r e d  copper r a d ia t io n  was used and th e  exposure 
was f iv e  h o u rs . The X-ray f ilm  h o ld e r was c y l in d r ic a l ,  c e n tre d  on 
th e  specimen and o f  30 mm r a d iu s .
Comparison o f  t h i s  p a t te rn  w ith  F igure 4 .4 ,  which shows th e  
d i f f r a c t io n  p a t te rn  o b ta in ed  from a s u b s tr a te  o n ly , in d ic a te s  t h a t  
th e  sm all v e r t i c a l  s tre a k s  in  F igure 4 .3  a re  due to  th e  c o b a lt  
f i lm . A nalysis  o f  th e  p a t te rn s  g ives a s u b s tr a te  l a t t i c e  con­
s ta n t  o f  0 .42 nm (MgO i s  0.42117 nm) and f ilm  m a te r ia l  l a t t i c e  
co n sta n t o f  0.35 nm ($Co i s  0.3544 n m ) ^ ^ \  The reason  why th e  
c o b a lt d i f f r a c t io n  sp o ts  appear as  s tre a k s  i s  u n c e r ta in  b u t could
be due to  s t r a in  in  th e  f i lm . I t  i s  c le a r ly  ev id en t t h a t  t h i s  
method i s  in s e n s i t iv e  f o r  th e  re q u ire d  p a t te r n .
Low energy e le c tro n  d i f f r a c t io n  i s  r a p id ly  becoming an 
accep ted  method f o r  s tu d y in g  c r y s ta l  s u r f a c e s 9108,109) w ith
a p e n e tra tio n  depth o f  only  a few atom ic la y e rs  in fo rm atio n  i s  
only  o b ta in ed  from a very th in  re g io n  o f  th e  f ilm  s u rfa c e . For 
t h i s  reason  th e  method i s  very  s e n s i t iv e  to  su rfa ce  gas contam­
in a tio n  and th e re fo re  re q u ire s  u l t r a  high vacuum a p p a ra tu s .
The most s u i ta b le  method, th e r e f o r e ,  i s  r e f le c t io n  h igh
energy e le c tro n  d i f f r a c t i o n ^ ^ } whi ch,  a t  an energy o f  50Kv,
has a mean f r e e  p a th  o f  some 10 nm fo r  substances o f medium 
(114)d e n s ity  . I t  i s ,  th e r e f o r e ,  n o t a f fe c te d  by mono la y e r s  o f  
gas and s tu d ie s  can be c a r r ie d  ou t in  a vacuum o f th e  o rd e r  o f 
1 0 -3 Nm"3.
4 .3 .2  Theory o f  E lec tro n  D if f ra c tio n
I f  a m onoenergetic beam o f  e le c tro n s  i s  in c id e n t  on a c r y s t a l ,  
p a r t  o f  th e  beam i s  r e f l e c te d  by th e  v a rio u s  p la n es  o f  th e  c r y s ta l  
l a t t i c e  (F igure  4 .5 ) .  Due to  th e  wave n a tu re  o f  th e  e le c t r o n ,  
r e f le c te d  beams from th e  in d iv id u a l  l a t t i c e  p lan es  i n t e r f e r e .  
C o n stru c tiv e  in te r fe re n c e  occurs between d i f f e r e n t  ray s  when t h e i r  
p a th  d if fe re n c e  i s  eq u a l to  a whole number o f  w aveleng ths. This 
i s  th e  Bragg co n d itio n  and can be w r it te n  as
2d sinG = nX
where
d i s  th e  s e p a ra tio n  o f  th e  r e f l e c t in g  l a t t i c e  p lan es  
X i s  th e  w avelength o f  th e  e le c tro n s  
0 i s  th e  in c id e n t  angle 
n i s  an in te g e r
Taking in to  account th e  r e l a t i v i s t i c  e f f e c t s ,  th e  de B ro g lie  
w avelength X o f  th e  e le c tro n s  a c c e le ra te d  through a p o te n t i a l  o f  
50Kv i s  0.0054 nm. This g iv es  a  d i f f r a c t io n  ang le  o f  th e  o rd e r 
o f  1° w ith  l a t t i c e  spac ings found in  m eta l c r y s ta l s .
By m easuring th e  specimen to  screen  d is ta n c e  L and th e  sep ­
a ra t io n  between prim ary and d i f f r a c te d  sp o ts  on th e  sc reen  R, 
th e  d e f le c t io n  ang le  can be determ ined and th e  l a t t i c e  dim ensions 
c a lc u la te d  (see  F igure  4 .7 ) .  Since 0 i s  very  sm all
Rs in e  -  ^  *
T herefore
XL i s  c a l le d  th e  "camera c o n s ta n t" .
Although t h i s  tre a tm en t i s  s u f f i c i e n t  fo r  th e  in te r p r e ta t io n  
o f  d i f f r a c t io n  p a t te r n s ,  th e  ta sk  i s  g re a t ly  s im p lif ie d  by th e  
use o f  c e r ta in  g eo m etrica l te ch n iq u es . A h y p o th e tic a l  l a t t i c e  
i s  c o n s tru c te d  such th a t  each co o rd in a te  p o in t i s  d i r e c t ly  
r e la te d  to  a s e r ie s  o f  p a r a l l e l  p lan es  in  th e  c r y s ta l  l a t t i c e .  
This l a t t i c e  i s  d i r e c t ly  comparable w ith  th e  c r y s ta l  l a t t i c e  d i f ­
f r a c t io n  p a t te r n .  The new l a t t i c e  i s  c a l le d  th e  r e c ip ro c a l  
l a t t i c e .  In  bo th  th e  d i f f r a c t io n  p ro cess  and th e  c o n s tru c tio n  
o f  th e  re c ip ro c a l  l a t t i c e  a s e r ie s  o f  p a r a l l e l  p lan es  in  th e
c r y s ta l  l a t t i c e  i s  re p re se n te d  by a p o in t .  Thus an e le c tro n  d i f ­
f r a c t io n  p a t te rn  re p re se n ts  one o f  th e  r e c ip ro c a l  l a t t i c e  p lan es  
p e rp e n d icu la r  to  th e  d i r e c t io n  o f  th e  in c id e n t beam.
F igure  4 .6  shows a (100) r e c ip ro c a l  l a t t i c e  p lane  f o r  an 
F.C.C. c r y s ta l .  I t  re p re se n ts  th e  d i f f r a c t io n  p a t te rn  o b ta in ed  
from an e le c tro n  beam in  th e  <100> azim uth.
Spot o r  "m o n o cry sta llin e"  p a t te rn s  a re  o b ta in ed  i f ,  w ith in  
th a t  a re a  o f  th e  specimen i r r a d ia te d  by th e  e le c tro n  beam, th e re  
i s  a  mosaic o f  c r y s ta ls  whose c ry s ta l lo g ra p h ic  axes a re  ap p ro x i­
m ately p a r a l l e l  to  each o th e r .  I f  th e  specimen c o n s is ts  o f  a 
la rg e  number o f sm all c r y s t a l l i t e s  w ith  com pletely  random o r ie n t ­
a t io n s ,  then  th e  r e s u l t in g  d i f f r a c t io n  p ic tu re  i s  e f f e c t iv e ly  th e  
sum o f  a l l  th e  sp o t p a t te rn s  p o s s ib le  from t h i s  l a t t i c e .  The 
r e s u l t in g  p a t te rn  i s  th e re fo re  a s e t  o f  r in g s  which sub tend  
a n g le s , a t  th e  specim en, given by th e  Bragg eq u a tio n . Thus th e
X
diam eter o f  a r in g  i s  p ro p o r tio n a l to  ^  .
C erta in  c r y s ta l  d e fe c ts  can have a marked e f f e c t  on th e  d i f ­
f r a c t io n  p a t te rn  and th e  most n o ta b le  example i s  tw in n in g , i . e .  
when two c r y s t a l l i t e  o r ie n ta t io n s  e x i s t  one o f  which i s  th e  m irro r 
image o f  th e  o th e r .  This type  o f  d e fe c t  i s  in d ic a te d  by th e  
p resence  o f e x tra  sp o ts  in  p o s i t io n s  correspond ing  to  th e  m irro r  
image o f  th e  o r ig in a l  s p o ts ,  r e f le c te d  about th e  tw in  p la n e . A 
d i f f r a c t io n  diagram o f  a  tw inned F.C.C. c r y s ta l  in  th e  (110) 
p lane  i s  shown in  F igure 4 .8 .
A nother phenomenon th a t  can in tro d u ce  e x tra  sp o ts  in to  th e  
p a t te rn  i s  th a t  o f  double d i f f r a c t io n ,  th a t  i s ,  when th e  d i f f r a c te d  
beam i s  r e d i f f r a c te d  by a second s e t  o f  c ry s ta l lo g ra p h ic a l ly
d i f f e r e n t  p la n e s . This i s  g e n e ra lly  reco g n ised  by a change in  
th e  in te n s i ty  o f  allow ed r e f le c t io n s  as w e ll as th e  appearance 
o f  fo rb idden  r e f l e c t io n s .
F igure  4 .9  shows th e  in f lu e n c e  o f  th e  c r y s ta l  su rfa c e  smooth­
ness  on th e  fo rm ation  o f  r e f l e c t io n  d i f f r a c t io n  p a t te r n s .  The 
d i f f r a c t io n  p a t te rn  changes from s tre a k s  fo r  an a to m ic a lly  smooth 
s u r fa c e , due to  th e  l im ite d  p e n e tra tio n  o f  th e  beam ( a ) ,  to  a 
m ixture o f  s tre a k s  and sp o ts  f o r  in c re a s in g  su rfa ce  roughness (b ) .  
When su rface  a s p e r i te s  a re  la r g e ,  sp o t p a t te rn s  c h a r a c te r i s t i c  o f  
e le c tro n  d i f f r a c t io n  a re  observed ( c ) .
The r e f le c t io n  d i f f r a c t io n  tech n iq u e  i s  much le s s  a c c u ra te  
than  th e  tra n sm iss io n  te ch n iq u e , owing to  such f a c to r s  as e lo n g a tio n  
o f  sp o ts  due to  r e f r a c t io n  and l im ite d  p e n e tr a t io n , th e  u n c e r ta in ty  
o f  th e  camera c o n sta n t due to  th e  specimen s iz e  in  th e  d i r e c t io n  o f  
th e  beam, and th e  e f f e c t s  due to  charge-up o f  in s u la t in g  s u b s t r a te s .
4 .3 .3  The E lec tro n  D if f ra c tio n  Camera
An e le c tro n  d i f f r a c t io n  camera was made a v a ila b le  to  th e  au th o r 
a t  M ullard Mitcham L a b o ra to rie s . A schem atic  diagram  o f  th e  
ap p ara tu s  i s  shown in  F igure  4 .7 .
A beam o f e le c tro n s  i s  produced from an e le c tro n  gun h e ld  a t  a 
h igh  n eg a tiv e  p o te n t ia l .  The p o te n t ia l  could be co n tin u o u sly  
v a r ie d  b u t was u su a lly  a t  -50 Kv. The e le c tro n  beam a f t e r  p a ss ­
in g  through th e  a p e r tu re s  and be ing  focused by th e  perm anent mag­
n e t le n s  had a d iam eter o f  * 0.35 mm. The beam c u rre n t was = 2 mA. 
The e le c tro n  beam grazed th e  specimen su rfa ce  and was d i f f r a c te d  
onto a f lu o re s c e n t  sc reen  which a c te d  as a s h u t te r  to  a p h o to g rap h ic
p la te  c a r r i e r .  Due to  th e  in s u la t in g  p ro p e r t ie s  o f  th e  MgO 
s u b s t r a te s ,  severe  charg ing  o f  th e  specimens by th e  e le c tro n  
beam was observed . To reduce t h i s  e f f e c t  th e  specimen su rfa ce  
was ba thed  in  a broad beam o f low energy (500 V) e le c t ro n s .
The specimen could  be r o ta te d  about an a x is  p e rp e n d ic u la r  
to  th e  e le c tro n  beam so th a t  th e  c o r re c t  r e f le c t io n  ang le  could  
be ach ieved . The specimen could  a ls o  be moved in ,  o u t and a c ro ss  
th e  beam. The beam azim uth w ith  r e s p e c t  to  th e  c r y s ta l  s u r fa c e , 
i . e .  <100> o r <110> d i r e c t io n s ,  could only  be changed by removing 
th e  specimen and specimen c a r r i e r  from th e  camera and re p o s i t io n in g  
th e  specimen on th e  c a r r i e r  o u ts id e  th e  camera column.
The camera column was evacuated  u sin g  an o i l  vapour d if fu s io n
“2 -3pump; th e  u ltim a te  p re ssu re  be in g  =* 10 Nm .
The camera c o n s ta n t XL fo r  50 Kv e le c tro n s  was determ ined  by 
c a lc u la t in g  th e  l a t t i c e  spac ing  o f  MgO (0.42117 nm) from th e  
observed d i f f r a c t io n  p a t te rn s  o f  th e  MgO l a t t i c e  (F ig u re s4 .10  and 
4 .1 1 ) . The c o n sta n t was found to  be 2.59 ± 0 .04  x 10 12 m2 .
4 .4  R e f le c tio n  High Energy E lec tro n  D if f ra c t io n  o f th e  Film s
The morphology o f  th e  c o b a lt th in  f ilm s  p rep ared  by th e  te c h ­
n iques d esc rib ed  in  C hapter 3 was in v e s t ig a te d  using  the  RHEED 
method w ith  the  ap p ara tu s  d e sc rib ed  in  4 .3 .3 .  The main aim o f  th e  
in v e s t ig a t io n  was to  determ ine th e  o n se t o f  m o n o cry s ta llin e  f ilm  
d e p o s i ts .
4 .4 .1  In flu en ce  o f  th e  S u b s tra te  D eposition  Tem perature on
Film  O rie n ta tio n
C obalt th in  film s  were p rep ared  by d e p o s itio n  on to  c leaved  
MgO s u b s tr a te s  and cleaved  and p o lish e d  MgO s u b s t r a te s 9 as des­
c r ib e d  in  C hapter 3. The s u b s tr a te  tem peratu re  o f  th e  d e p o s itio n s  
was v a rie d  between 210°C and 470°C. F igure 4 .10 shows th e  r e f ­
le c t io n  e le c tro n  d i f f r a c t io n  p a t te rn s  o b ta in ed  from film s  grown 
on (001) c leaved  and p o lish e d  s u b s t r a te s .  A ll th e  film s  were 
29 nm t h i c k 3 excep t F igure  4 .10g which was 18 nm th ic k .  The 
d e p o s itio n  r a t e  was -  0 .1  nm sec  1. No d if fe re n c e  in  th e  d i f ­
f r a c t io n  p a t te rn s  was observed fo r  f ilm s  grown on c leaved  o r  
p o lish e d  s u b s t r a te s .
F igure  4 .1 0 (a )  shows th e  d i f f r a c t io n  p a t te rn  o b ta in ed  f o r  a
f i lm  d ep o sited  a t  T . = 210°C. The d i f f r a c t io n  r in g s  in d ic a te  th a ts
th e  f ilm  i s  p o ly c ry s ta l l in e  fa c e -c e n tre d -c u b ic . This r e s u l t  i s
(7)c o n tra ry  to  th e  f in d in g s  o f  Doyle who could  n o t d e te c t  any 
F.C .C. m a te r ia l  in  c o b a lt f ilm s  d e p o sited  below 340°C. From 
measurement o f  th e  r in g  r a d i i 9 th e  l a t t i c e  c o n sta n t o f  th e  f i lm  
m a te r ia l  was found to  be 0.35 nm ($Go= 0.3544 n m ) ^ ^ ^ .  O bviously 
th e  e p i ta x ia l  in f lu e n c e  o f  th e  s u b s tr a te  on th e  f ilm  atoms i s  
p re se n t a t  t h i s  tem pera tu re  b u t th e  d e p o s it  atoms o r  atom 
c lu s te r s  a re  no t mobile enough to  form a m o n o cry s ta llin e  f i lm .
An in c re a se  in  d e p o sitio n  tem pera tu re  produced a p re fe r re d  
o r ie n ta t io n  o f  some o f  th e  c r y s t a l l i t e s 3 producing  F.C .C . sp o ts  
on the  o therw ise  uniform  r in g s 3 F igure  4 .1 0 ( b ) ( c ) ( d ) .
S u b s ta n tia l ly  m o n o cry s ta llin e  p a t te rn s  were o b ta in ed  f o r  film s  
d e p o sited  a t  s u b s tr a te  tem pera tu res > 410°CS F igure  4 .1 0 ( e ) ( f ) ( g ) .
This e p i ta x ia l  tem pera tu re  (410°C) i s  a l i t t l e  h ig h e r than  th e
o ( 7)p re v io u s ly  re p o r te d  f ig u re  o f  400 C . The form o f  th e  d i f ­
f r a c t io n  p a t te rn s  d id  n o t a l t e r  as  th e  f ilm s  were tra v e rs e d  a c ro ss  
th e  e le c tro n  beam. However, one would n o t expect any v a r ia t io n  
o f  th e  o v e ra l l  c r y s t a l l i n i t y  o f  th e  f i lm s , i . e .  o f  th e  d i f f r a c t io n  
p a t te r n ,  on tr a v e r s in g  th e  specimen a c ro ss  th e  e le c tro n  beam, 
w ith  th e  la rg e  d iam eter (0 .35  mm) e le c tro n  beam o f  th e  ap p ara tu s  
used .
Measurement o f  th e  d i f f r a c t io n  sp o ts  fo r  th e  c o b a lt  f ilm s  
gave a l a t t i c e  c o n sta n t o f  0.354 ± 0.005 nm.
The d i f f r a c t io n  p a t te rn  o b ta in ed  from a f ilm  d e p o sited  a t  a 
s u b s tr a te  tem peratu re  o f  410°C ( 4 .1 0 ( e ) ) ,  shows t h a t  th e  (0 2 2 ), 
(0 2 4 ), and (044) sp o ts  a re  s l i g h t ly  "a rce d " . This must in d ic a te  
th a t  th e  f ilm  i s  only  j u s t  m o n o c ry s ta llin e . I t  can be seen 
from th e se  d i f f r a c t io n  p a t te rn s  th a t  no sp o ts  due to  th e  s u b s tr a te  
o r to  f ilm  m a te r ia l  tw ins a re  p re s e n t .
As can be seen from F igure 4 .1 0 (g ) , th e  continuous r a d i a l  
f a l l - o f f  o f in te n s i ty  o f  th e  e le c tro n s  from th e  shadow edge, which 
i s  caused by sim ple r e f le c t io n  from th e  c r y s ta l  s u r fa c e , can 
reduce th e  s e n s i t i v i t y  o f  th i s  method by o b l i t e r a t in g  th e  d i f -  
f r a c t io n s n e a r  to  th e  c e n tr a l  s p o t.
The e p i t a x ia l  tem pera tu re  o f  c o b a lt  on MgO, fo r  th e  au tho r*s 
system , deduced from th e  d i f f r a c t io n  measurements c lo s e ly  sup­
p o rte d  th e  t r a n s i t io n  p o in t f o r  th e  f ilm s  as deduced from th e  
m agnetic to rq u e  measurements (see  C hapter 6 ) .
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4 .4 .2  In flu en ce  o f Film Thickness on Film  O rie n ta tio n
C obalt th in  f ilm s  were d ep o sited  on th e  (001) face  o f  MgO a t  
a  s u b s tr a te  tem p era tu re  o f 440°C to  o b ta in  film s  whose th ic k n e ss  
was < 10 nm. The r a t e  o f  ev ap o ra tio n  was « 0 .1  nm s e c " 1 . This 
th ic k n e ss  o f  f ilm  m a te r ia l  i s  to o  sm all to  measure by th e  o p t ic a l  
in te r fe ro m e te r  tech n iq u e  used f o r  th e  th ic k e r  (> 18 nm) f i lm s . 
T h ere fo re , th e  low f i e l d  to rq u e  curve method was used (see  C hapter 5 ) .  
This method determ ines th e  volume o f f ilm  d e p o s it which has a 
p a r t i c u la r  c ry s ta l lo g ra p h ic  o r ie n ta t io n .  T herefore  i f  th e  f ilm  
c o n ta in s  any m iso rien ted  m a te r ia l ,  th e  t o t a l  volume, i . e .  th ic k n e s s ,  
might be a l i t t l e  h ig h e r than  th a t  deduced from th e  low f i e l d  to rq u e  
m easurem ents.
F igu res 4 .11  and 4.12 show th e  r e f le c t io n  e le c tro n  d i f f r a c t io n  
p a t te rn s  o b ta in ed  from (001) film s  having  a th ic k n e ss  ly in g  in  th e  
re g io n  4 to  8 nm. F igure  4 .11  shows th e  p a t te rn s  o b ta in ed  f o r  th e  
d i f f r a c t in g  e le c tro n  beam in  th e  [l00] azim uth and 4.12 f o r  th e  
beam a t  [ l io j  azim uth . For th e  beam a t  £licf| azim uth, th e  d i f ­
f r a c t io n  p a t te rn  corresponds to  th e  (110) r e c ip ro c a l  l a t t i c e  p lane  
f o r  th e  F .C .C . c r y s t a l ,  see F igure  4 .8 .
I t  can be seen th a t  th e  p a t te rn s  a re  more d e f in i te  in  com­
p a riso n  w ith  th o se  ob ta in ed  from th e  th ic k e r  f ilm s  (F igure  4 .1 0 ) .
A lso , th e re  i s  le s s  sim ple r e f le c t io n  o f th e  e le c tro n  beam from th e  
specimen su rfa ce  which accounts f o r  th e  lack  o f r a d i a l  f a l l - o f f  in  
in te n s i ty  from th e  c e n tr a l  s p o t. Comparison w ith  F igu re  4 .9  sug­
g e s ts  t h a t  th e se  film s  might be q u ite  i r r e g u la r  in  t h e i r  su rfa c e  
h e ig h t. I t  seems th a t  th e  e le c tro n  beam has been d i f f r a c te d  on 
p a ss in g  th rough  a s p e r i te s  on th e  f i lm  su rfa ce  as in  F ig u re  4 .9 c .
I t  could  be deduced th e n , t h a t  th e se  d i f f r a c t io n  p a t te rn s  o b ta ined  
from th e  very  th in  f ilm s  suggest th a t  th e  film s had a d isco n tin u o u s 
is la n d  s t r u c tu r e .  T his i s  a  common fe a tu re  o f v e ry  th in  e p i ta x ia l  
f i i ras(2 3 »35«75»1 1 5 ).
F a in t s a t e l l i t e  sp o ts  a re  observed around th e  in te g e r  d i f f r a c ­
t io n  rp o ts  in  F igure  4 .1 2 (c )  and to  a l e s s e r  e x te n t in  4 .1 2 (a ) .
These sp o ts  l i e  one th i r d  o f  th e  way along  th e  <111> v e c to r ,  in  a 
<111> o r < l l l>  d i r e c t io n  tow ards th e  n e a re s t  ne ig h b o u r. In 
a d d it io n , th e re  a re  f a in t  l in e s  p a r a l l e l  to  th e  111 and 111 v e c to rs  
jo in in g  th e  in te g e r  sp o ts  and th u s  p ass in g  through th e  s a t e l l i t e  
s p o ts .  This phenomena su g g ests  t h a t  th e  f ilm  m a te r ia l  exposed to  
th e  d i f f r a c t in g  e le c tro n  beam i s  tw inned on { i l l }  ty p e  p la n e s .
The e f f e c t  o f t h i s  on th e  r e c ip ro c a l  l a t t i c e  i s  to  produce a com­
pound l a t t i c e  c o n s is t in g  o f th e  o r ig in a l  l a t t i c e  which has th e  
tw inned l a t t i c e s  superim posed on i t  (see  F igure  4 . 8 ) .  The tw inn ing  
o f th e  f i lm  d e p o sit su g g ests  th a t  some o f th e  f i lm  d e p o s it  is la n d s  
had a d i f f e r e n t  c r y s ta l  o r ie n ta t io n  from th e  m a jo r ity  o f  th e  d e p o s it , 
F u rth e r d e p o s itio n  o f f ilm  m a te r ia l  le ad s  to  coalescence  o f  th e
is la n d s  u n t i l ,  fo r  a  18 nm th ic k  specimen F igure  4 .1 0 (g ) an e sse n -
(41)t i a l l y  s in g le  c r y s ta l  d i f f r a c t io n  p a t te rn  i s  observed . S tow ell 
has no ted  a s im ila r  e f f e c t  ibr copper evapo rated  onto  NaC£.
I t  can be seen from F igu res 4 .11  and 4.12 th a t  f o r  th e  very  
th in  film s  th e re  i s  a su p erim p o sitio n  o f th e  s u b s tr a te  d i f f r a c t io n  
p a t te rn  on th e  f ilm  p a t te r n .  This can be seen most c le a r ly  in  
F ig u res  4 .11a and 4 ..12a . This phenomena i s  a good in d ic a t io n  o f 
th e  f ilm  th ic k n e ss  as th e  p e n e tra tio n  o f' 50 Kv e le c tro n s  in  th e  f ilm  
m a te r ia l  i s  -  10 nm. The d i f f r a c t io n  from th e  s u b s tr a te  cou ld  be 
due to  e le c tro n s  which have p e n e tra te d  com pletely  th e  f ilm  o r  by
e le c tro n s  d i f f r a c te d  from th e  exposed s u b s tr a te  a re a s  in  between 
th e  d isco n tin u o u s is la n d  f ilm  s t r u c tu r e .
4 .5  C onclusion
This c h ap te r  has d e sc rib ed  th e  method used to  determ ine th e  
th ic k n e ss  o f f ilm s  > 18 nm th ic k  and tech n iq u es  employed to  
in v e s t ig a te  th e  morphology o f th e  f i lm s . The e p i ta x ia l  temp­
e ra tu re  o f (3Co on MgO f o r  th e  au thor*s system  has been found to  
be « 410°C. This i s  confirm ed in  C hapter 6 by th e  m agnetic 
m easurem ents. Very th in  (< 10 nm th ic k )  f ilm s  have been 
observed to  in c lu d e  tw inned m a te r ia l .  The low f i e l d  to rq u e  curve 
method o f de term in ing  th e  e f f e c t iv e  volume o f  th e  f ilm s  (C hapter 5) 
e lim in a te d  th e  tw inned m a te r ia l  in  th e  film s  from th e  measured 
volume as t h i s  method only  determ ines th e  volume o f f ilm  c o n t r i ­
b u tin g  to  th e  high  f i e l d  to rq u e  cu rv es .
F r i n g e  D i s p l a c e m e n t  M icro g ra p h  f o r  a 41  nm t h i c k  f i l m
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FIGURE 4. 3. R e f le c tio n  X-Ray D if f ra c tio n  p a t te rn  o f a 
S u b s tra te  w ith  Film .
FIGURE 4 .4 . R e flec tio n  X-ray D if f ra c tio n  P a tte rn  o f 
S u b s tra te  w ithou t F ilm .
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CHAPTER 5 
THE TORQUE MAGNETOMETER
5 *1 In tro d u c tio n
V arious methods have been quoted by au th o rs  to  determ ine th e
m agnetic a n iso tro p y  o f m agnetic th in  f i lm s . These methods in c lu d e
^  (74-.105,117.118) ^ ,th e  to rq u e  magnetometer * 9 9 , th e  h y s te r e s is  loop p lo t -
(74 75) (75)t e r  9 and th e  fe rro m ag n e tic  resonance sp ec tro m ete r . The
magnitude o f th e  a n iso tro p y  may be c h a ra c te r is e d  by th e  a n iso tro p y
co n sta n t K o r by th e  an iso trop jr f i e l d
h -  2K 
HK " T
where I g i s  th e  s a tu r a t io n  m ag n e tisa tio n  o f th e  sample m a te r ia l .
With th e  to rq u e  m agnetom eter, th e  to rq u e  on a specim en p laced  
in  a s a tu r a t in g  f i e l d  i s  measured as a fu n c tio n  o f th e  d i r e c t io n  
o f  th e  s a tu r a t io n  m ag n etisa tio n  w ith  re s p e c t to  one o f  th e  easy  
ax es . The to rq u e  curve has th e  am plitude
lmax = KV
where V i s  th e  f ilm  volume. The curve p e r io d ic i ty  i s  dependent 
on th e  a n iso tro p y  symmetry (see  F igure  5 .1 ) .
The h y s te r e s is  loop p l o t t e r  method, makes use o f  th e  s in g le
domain th eo ry  o f S toner and W ohlfarth^119^. This s t a t e s  t h a t  th e
M v ersu s  H loop o f an a n is o tro p ic  f ilm  in  a sm all a . c .  f i e l d  a long
M
th e  h ard  axes i s  l in e a r  and has th e  s lo p e  r p  . I f  t h i s  l in e  i s
K
e x tra p o la te d  to  in te r s e c t  th e  h o r iz o n ta l  s a tu r a t io n  m ag n e tisa tio n
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l in e  d isp lay ed  by th e  easy a x is  io o p 3 H may be d e t e r m i n e d ^ 3 ^3
H
(see  F igure  5 .1 ) .  This method i s  only  v a l id  fo r  —  < 1 where H
K C
i s  th e  co erc iv e  fo rce  in  th e  easy d i r e c t io n .  For 
H
r r -  > 1 th e  m ag n etisa tio n  r ip p le  in tro d u ce s  e r ro r s  in to  th e  s in g le  
K
domain th eo ry  and low ers th e  s lope  o f  th e  minor loop a long  th e  
hard  a x is .
In  fe rro m ag n e tic  re so n an ce , th e  resonance frequency  depends on 
th e  e x te rn a l  m agnetic f i e l d  which e x e r ts  a to rque  on th e  p re c e s s in g  
sp in  system o f  th e  m a te r ia l .  S ince a  m agnetic a n iso tro p y  a ls o  
causes a to rque  on th e  sp in  system  i f  i t  p o in ts  in  o th e r  than  easy 
d i r e c t io n s ,  th e  re so n an t frequency i s  dependent on th e  m agnetic 
a n iso tro p y . The resonance c o n d itio n  method i s  dependent on th e  
accuracy  to  which th e  a p p lie d  f i e l d  can be m easured. Severe d i s ­
c rep an c ie s  in  th e  va lu es  o f m a g n e to c ry s ta llin e  a n iso tro p y  c o n s ta n ts
determ ined by fe rro m ag n e tic  resonance and s t a t i c  (to rq u e  method)
( 3 )measurements have been observed . Attem pted e x p la n a tio n s  o f  t h i s  
phenomena have been based on th e  h y p o th esis  th a t  th e  main c o n t r i ­
b u tio n  to  th e  a n is o tro p ic  m ag n e tisa tio n  i s  due to  o r b i t a l  r a th e r  
than  sp in  m otions.
The to rque  method has th e  advantage th a t  i t  employs la rg e
(3 )f i e ld s  where th e  s in g le  domain th eo ry  must h o ld . A ubert has 
made an ex ten s iv e  study o f  th e  d i f f e r e n t  methods a v a i la b le  to  
determ ine m agnetic a n iso tro p y . He concludes th a t  to rq u e  m easure­
ments g ive th e  h ig h e s t accuracy  in  th e  d e te rm in a tio n  o f  a n iso tro p y  
co n sta n ts  a t  d i f f e r e n t  f i e ld s  and tem p e ra tu res . The main d i s ­
advantage o f t h i s  method i s  t h a t  th e  film s  must be ex trem ely  p lan e  
and w ithou t s c ra tc h e s .
1 1 9 2  )
H a rriso n 7s '1 a n a ly t ic a l  d e r iv a tio n  showing th a t  au tom atic
com pensation i s  e s s e n t ia l  fo r  m easuring to rq u e  curves w ith  s te e p
s lo p es  threw  doubt on th e  design  and o p e ra tio n  o f th e  f i r s t  sim ple
(117)to rq u e  magnetometers . The f i r s t  to rq u e  magnetometer u t i l i ­
z ing  a b a l l i s t i c  galvanom eter c o i l ,  as th e  to rque  com pensating
(123)d ev ice , was designed  by C ro ft although  t h i s  in s tru m en t was
used f o r  m easuring th e  de Haas-Van Alphen e f f e c t  in  z in c  and t i n .  
Pearson and P e n o y e r^ ^ 8  ^ m odified  th e  p r in c ip le s  developed by
C ro ft to  a u to m a tic a lly  measure m a g n e to c ry s ta llin e  a n iso tro p y  con-
/ 1 rtc %
s ta n ts  in  bu lk  f e r r i t e s .  G erber has designed  a to rq u e  mag­
netom eter which w i l l  work even a t  l iq u id  helium  te m p e ra tu re s .
The s e n s i t i v i t y  o f th e se  in s tru m en ts  i s  q u ite  low , in  th e  o rd e r  o f  
—71 to  10 x 10 Nm (1 to  10 dyne cm). High s e n s i t i v i t y ,  about 
lCT11 Nm, in s tru m en ts  s u i ta b le  f o r  th e  measurement o f th in  f ilm  
a n is o tro p ie s  have s in ce  been d e v e lo p e d ^ 0 8 * ^ 8"’^ 8^ , th e  to rq u e
com pensating system  f o r  th e se  magnetom eters be ing  e i th e r  e l e c t r o -
. .  (105,126,127) _ ^ ^ (128)m agnetic * * o r e l e c t r o s t a t i c
5 .2  The P r in c ip le s  o f O peration  o f th e  Torque Magnetometer
The p r in c ip le  o f  t h i s  ap p ara tu s  i s  sim ply to  suspend th e  
specimen between th e  p o le  p ie ce s  o f a ro ta ta b le  e lec trom agnet 
(F igure  5 .2 ) .  When a s tro n g  m agnetic f i e l d  i s  a p p lie d  t o  th e  
specim en, th e  in te r n a l  m agn etisa tio n  i s  fo rce d  to  l in e  up w ith  
th e  f ie ld - , and th e  specimen i t s e l f  ten d s  to  r o ta te  so as t o  make 
an easy d ir e c t io n  approach th e  d ire c t io n  o f m a g n e tisa tio n . When 
a to rq u e  i s  e x e r ted  by th e  specim en, th e  s l ig h t  d e f le c t io n  o f  th e  
m irro r g ives r i s e  to  an out o f b a lance  c u rre n t in  a system  o f  
p a ire d  p h o to -d e te c to rs  (F igure  5*4). This c u rre n t i s  then  am pli­
f ie d  by th e  d .c*  a m p lif ie r  and su p p lie d  to  th e  galvanom eter c o i l
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which i s  r ig i d ly  a tta ch e d  to  th e  upper p a r t  o f th e  specimen h o ld e r . 
S ince t h i s  c o i l  i s  p laced  between th e  po le  p iece s  o f a permanent 
m agnet, t h i s  c o i l  c u rre n t g iv es  r i s e  to  a to rq u e  which coun ter 
b a lan ces  th e  o r ig in a l  to rq u e  and so th e  c o i l  c u r re n t i s  p ro p o r tio n a l 
to  th e  o r ig in a l  to rq u e . The to rq u e  e x e r te d  by a u n i t  volume o f  th e  
specimen i s  g iven by
3E
L = - i f  (5 .1 )
where <j> i s  th e  angle made by th e  in te r n a l  m ag n etisa tio n  w ith  re s p e c t
to  an easy  d ire c t io n  measured in  th e  p lane o f th e  specimen d is k ,  and
E i s  th e  m agnetic a n iso tro p y  energy . I f  th e  ap p lie d  f i e l d  H i s  a
la rg e  enough, th e  d i r e c t io n  o f  th e  in te r n a l  m ag n e tisa tio n  i s  p a r a l l e l  
w ith  th e  ap p lie d  f i e l d  and so th e  to rq u e  can be p lo t te d  a g a in s t  th e  
angle  between th e  ap p lied  f i e l d  and an easy  d ire c t io n  o f  m a g n e tisa tio n
For samples e x h ib it in g  cub ic  a n iso tro p y  (see  C hapter 1 ) ,  we have
th a t  th e  m agnetic an iso tro p y  energy E i s  g iven  bya
E^ = Kq + K^(a2a 2 + a 2a |  + a 2a 2) + K2(a 2a 2a 2 ) + •••  (5 .2 )
where are  th e  d ire c t io n  cosin es  o f  th e  in te r n a l  m ag n e tisa tio n  
w ith  re s p e c t to  a cube edge, and K, a re  th e  a n iso tro p y  c o n s ta n ts .
For m ag n etisa tio n  confined  to  an {00l} p lane  o f  a  cub ic  c r y s t a l ,  
we can w rite
a 1 = cos<j) = sin<f> a 3 = 0
i f  <J> i s  measured from th e  [100] d i r e c t io n .  Then (5 .2 )  becomes
•i
E = K cos2d s in 2d = — K. s in d  22 (5 .3 )
a  1 T T if i  T
and from (5 .1 )
L,
' 0 0 1  2  S * n  ^
( 5 . « + )
The c o n sta n t Kj may th u s  be ob ta ined  from th e  ex p erim en ta l to rq u e  
curve from th e  am plitude o f  th e  s in e  wave.
S im ila r ly  f o r  r o ta t io n  in  a  { i l l}  p lane
Ea (5 .5 )
and from (5 .1) we have
L
where $ i s  th e  ang le  between th e  in te r n a l  m ag n etisa tio n  and th e  <112>
d ir e c t io n .
S ev era l p a r a s i t i c  to rq u es  can be superim posed on th e  main curve 
due to  m a g n e to c ry s ta llin e  a n iso tro p y . These in c lu d e  -
( i )  n o n -h o r iz o n ta l mounting o f  th e  specimen p la n e , 
which would le a d  to  an e x tra  s in  2<f> term ;
( i i )  shape a n iso tro p y  due to  n o n -c irc u la r  shape o f  th e  
specim en, which lead s  to  a s in  2<j> te rm ;
( i i i )  m agnetic an n ea lin g  and r o l l i n g  a n iso tro p ie s  having  
a s in  2<J> v a r ia t io n ;
( iv )  non c e n tr a l  specimen m ounting, which may be
dependent o r independent o f <}> depending on w hether 
o r  n o t th e  ap p lie d  f i e l d  has a g ra d ie n t v a r ia t io n  
on r o t a t i o n ;
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(v) background to rq u e  curves which are  observab le  
in  th e  absence o f a specim en;
(v i)  f i e l d  inhom onegenity which lead s  to  a s im i la r  
s i tu a t io n  to  ( i v ) .
(129 )These e r ro r s  a re  d e a l t  w ith  more f u l l y  by P h i l l ip s  and
p - (130)G erner
5*3 The Design o f th e  Instrum ent
5 .3 .1  The E lectrom agnet
The to rq u e  magnetometer which has been designed and b u i l t  f o r  
th e  p re se n t in v e s t ig a t io n ,  i s  based  on a r o ta ta b le  "c lo se d  yoke" 
e lec tro m ag n e t, which has been k in d ly  le n t  by M ullard Research 
L ab o ra to rie s  (F igure  5 .3 ) .  The c o i ls  a re  wound w ith  aluminium 
s t r i p s  ta k in g  a maximum o f 30 amps w ith  w ater co o lin g  on th e  c o i l  
f a c e s . The po le  p ie ce s  a re  185 mm in  d iam eter and th e  p o le  gap 
i s  50 mm.
The f i e l d  produced by the  e lec trom agnet was c a l ib r a te d  a g a in s t  
th e  c o i l  c u r re n t (F igure  5 .8 ) w ith  a Scalamp f lu x -m e te r . The 
m agnetic f i e l d  in  th e  po le  gap was homogenous to  w ith in  10 mm o f  
th e  po le  p iece  edges.
The c o n stan t c u r re n t fo r  th e  magnet was su p p lie d  from a th re e  
phase m o to r/d .c . g e n e ra to r  s e t .  A c u rre n t c o n t r o l le r  was used  to  
vary  th e  ou tp u t o f th e  g e n e ra to r by governing th e  c u rre n t th rough  
th e  f i e l d  windings o f th e  g e n e ra to r . The c u rre n t produced in  t h i s  
way i s  h ig h ly  s t a b i l i s e d  ( b e t te r  th an  0.01% ).
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The e lec trom agnet on i t s  tu rn ta b le  was p o s itio n e d  on t ra c k s  to  
enab le  th e  specimens to  be p laced  on th e  q u a rtz  rod  h o ld e r  w ith  
e a s e . The magnet could  be manoeuvred so t h a t  th e  h o r iz o n ta l  p o s i t io n  
o f th e  specimen h o ld e r was a c c u ra te ly  in  th e  c e n tre  l in e  o f th e  
po le  p ie c e s .
A sm all [lOO wattC/'fc H.P.)[J e l e c t r i c  motor could  be used to
c
r o ta te  th e  magnet on i t s  tu rn ta b le  a t  ap p ro x im a te ^  0 .2  R.P.M.
5 .3 .2  The Torque Compensating Device
Previous measurements o f  th e  magneto c r y s ta l l in e  a n iso tro p y  
(6 7 )o f c o b a lt th in  f ilm s  9 in d ic a te  th a t  th e  expected  to rq u e  on a
50 nm th ic k  specimen 10 mm in  d iam e te r, would be o f  th e  o rd e r  o f  
-910 Nm. I t  was thought th a t  a  galvanom eter type  to rq u e  compen­
s a t in g  device would be s u i ta b le  f o r  th i s  s e n s i t i v i t y .  This type  
o f magnetometer would be r e l a t i v e ly  easy  to  b u i ld ,  ro b u s t ,  and easy  
to  c a l ib r a t e  as th e  m anufacturers sp e c ify  th e  galvanom eters c o i l  
s e n s i t i v i t y .
The to rq u e  com pensating head was based  on a m odified  T in s le y  
3500D galvanom eter (F igure  5 .5 ) .  The s ta t e d  s e n s i t i v i t y  o f th e
- 9  - 1c o i l  was 2.5 x 10 Nm.yA , w ith  an a b i l i t y  to  tak e  up t o  10 mA 
c u rren t*  As can be seen from th e  f ig u r e ,  t h i s  galvanom eter model 
has a can ted  permanent magnet which f a c i l i t a t e s  easy  m o d if ic a tio n s  
to  th e  base o f th e  in s tru m en t.
The galvanom eter c o i l  was o r ig in a l ly  h e ld  t a u t ,  in  betw een th e  
p o le s  o f th e  permanent magnet, by two phosphor-bronze lig am en ts  which 
a lso  provided  e l e c t r i c a l  connection  to  th e  c o i l .  To en ab le  a 
specimen h o ld e r to  be r i g i d ly  f ix e d  to  th e  c o i l ,  th e  bottom  phosphor-
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bronze suspension  was removed, and a s t r a ig h t  q u a rtz  rod  1 mm in  
d iam eter by = 450 mm lo n g , was glued  to  th e  bottom  o f  th e  c o i l  in  
i t s  p la c e . The q u a rtz  rod  passed  th rough a h o le  d r i l l e d  in  th e  
bottom  face  o f  th e  galvanom eter housing  and th rough a heavy 
aluminium ta b le  on which th e  galvanom eter r e s te d .  A fo rk  type 
sample h o ld e r  (F ig u res  5 .9  and 5 .10 ) a lso  made from 1 mm d iam eter 
q u a rtz  ro d , was g lued  onto th e  end o f  th e  q u a rtz  rod  f ix e d  to  th e  
galvanom eter c o i l .  The sample h o ld e r  was made such th a t  th e  
f ilm s  would be h e ld  a c c u ra te ly  in  th e  p lane  o f  th e  a p p lie d  f i e l d  o r 
p e rp e n d icu la r  to  th e  f i e l d ,  and a t  th e  c en tre  o f th e  p o le  p iece  
gap.
To re p la c e  th e  c o i l  low er e l e c t r i c a l  co n n ec tio n , a  phosphor- 
bronze " h a irsp r in g "  ty p e  suspension  was so ld e red  between th e  c o i l  
and th e  galvanom eter e l e c t r i c a l  te rm in a l. This type  o f  suspension  
has a  very  low to rq u e  r e s t r i c t i o n .
The galvanom eter body could  be le v e l le d  by a d ju s t in g  th re e  
screws which a c te d  on th e  aluminium t a b le .  To p rev en t th e  ga lv an ­
ometer be ing  a f fe c te d  by v ib ra t io n s  in  th e  la b o ra to ry  f l o o r ,  th e  
aluminium ta b le  was supported  on fo u r  co n cre te  b locks which in  
tu rn  were supported  on th ic k  sponge ru b b er b lo c k s .
A b ra s s  tube  25 mm in  d iam eter was used f o r  p ro te c t io n  and as 
a d raugh t s h ie ld  f o r  th e  long q u a rtz  ro d  and sample h o ld e r  
(F igu res 5 .3 ,  5 .9 ,  and 5 .1 0 ) . The sample h o ld e r  could  be com plete ly  
enclo sed  w ith  a c lo sed  b ra s s  end cap which was f ix e d  to  th e  tu b e  
w ith  a bayonet co n n ec tio n . I t  was found, however, t h a t  th e  specimen 
s u b s tr a te s  o fte n  fo u led  on th e  in s id e  o f  th e  b ra s s  end cap and so a  
paper draught s h ie ld  was s e l lo ta p e d  around th e  magnet po le  p ie c e s .
5 .3 .3  The E le c tro n ic s
The galvanom eter i l lu m in a tio n  was prov ided  by a 12v 2.2w 
filam e n t bulb  f ix e d  in  a  l ig h t  house on to p  o f  th e  d .c .  a m p lif ie r  
(F igu re  5 .5 ) .  The bulb  had a s t a b i l i s e d  d .c .  supply  t o  p rev en t 
any " f l u t t e r "  on th e  p h o to d e te c to r s ig n a l .  The l i g h t  beam was 
r e f le c te d  from th e  galvanom eter m irro r and f e l l  on to  a  beam- 
s p l i t t i n g  45° prism  so th a t  a t  ba lan ce  th e  l i g h t  sp o t f e l l  e q u a lly  
on two p h o to -d e te c to rs  50 cm away from th e  galvanom eter m irro r 
(F igu res 5 .4  and 5 .5 ) .  The l i g h t  sp o t was -  10 mm in  d iam eter 
and so th e  angle through which th e  galvanom eter c o i l  cou ld  move 
and s t i l l  be under c o n t r o l ,  i . e .  l i g h t  f a l l i n g  on b o th  p h o to ­
d e te c to r s ,  was “ 2°.  A l i g h t  p ro o f box was p laced  over th e  galvan ­
om eter i l lu m in a tio n  bu lb  and p h o to -d e te c to r  a m p lif ie r  w hich, by 
c u tt in g  o u t th e  la b o ra to ry  l i g h t s ,  reduced  th e  n o is e , and in c re a se d  
th e  response o f th e  system .
The p h o to -d e te c to rs  were M ullard 0RP93 cadm ium -sulphide ph o to - 
conductive c e l l s  which formed two arms o f a d .c .  b rid g e  c i r c u i t  
(F ig u res  5 .4  and 5 .6 ) .  Pho to-conductive  c e l l s  respond to  v e ry  
sm all l i g h t  in te n s i ty  changes compared w ith  p h o to - t r a n s is to r s  and 
p h o to -d io d es , and t h e i r  h igh  i n t r i n s i c  r e s is ta n c e  improves th e  
response o f th e  b rid g e  system . The o u tp u t o f th e  p h o to -d e te c to r  
b rid g e  system  was fe d  to  a M ullard TAA 521 m o n o lith ic  d i f f e r e n t i a l  
d .c .  o p e ra tio n a l a m p lif ie r ,  connected as a c lo sed  loop a m p li f ie r .
The o u tp u t o f th e  a m p lif ie r  was fe d  v ia  a C.R. c i r c u i t  ( c 2r 2 ) and a 
s h o r te d /o p e ra tiv e  sw itch , to  th e  galvanom eter c o i l .
I f  due to  a to rq u e  on th e  galvanom eter su sp en sio n , th e  l i g h t  sp o t 
f e l l  on one p h o to c e ll  more than  th e  o th e r ,  a  change in  p o te n t i a l  a c ro ss  
th e  se p a ra te  c e l l s  would o ccu r. The d if fe re n c e  in  p o te n t i a l  between
th e  c e l l s  would be am p lified  by th e  TAA521 a m p lif ie r  and fed  v ia  
th e  C.R. c i r c u i t  to  th e  galvanom eter c o i l .  The c o i l  c u rre n t was 
in  such a d ire c t io n  as to  te n d  to  r e v e r t  th e  c o i l  su sp en sio n , and 
th e  l i g h t  s p o t ,  to  i t s  c e n tr a l  p o s i t io n .
r .
o f  th e  a m p lif ie r ,The r e s is ta n c e  r ,  c o n tro l le d  th e  gain
ilO1*v ^
and th e  c a p a c ito r  c^ c o n tro l le d  th e  frequency  com pensation o f th e  
a m p lif ie r ;  The c a p a c ito r  c^ and r e s i s t o r  r 2 c o n tro lle d  th e  tim e 
p e rio d  a s s o c ia te d  w ith  th e  a m p lif ie r  s ig n a l .  These components 
were v a rie d  u n t i l  th e  system  was o p tim ised , i . e .  th e  galvanom eter 
l i g h t  sp o t overshoot was c r i t i c a l .  The c u rre n t from th e  a m p lif ie r  
fe d  to  th e  galvanom eter c o i l  could  be m onitored by ob serv in g  th e  
v o ltag e  change on th e  nY” o u tp u t.
5 .3 .4  The Magnetometer C a lib ra tio n
The ”Yn ou tp u t was re a d  on a S o la r tro n  1613 d i g i t a l  m u lti­
m e te r. The "Ylr ou tpu t v o ltag e  was c a l ib r a te d  a g a in s t th e  c u rre n t 
through th e  galvanom eter c o i l  (F igu re  5 .7 ) .
With a s in g le  c r y s ta l  c o b a lt  th in  f i lm  p laced  in  th e  magneto­
m eter sample h o ld e r , th e  e lec tro m ag n e tic  f i e l d  was in c re a se d  and 
th e  "Y" ou tpu t v o ltag e  f o r  a s tead y  f i e l d  was n o te d . The g a lv an ­
om eter c u rre n t was th en  found by p la c in g  th e  1613 m u ltim e te r , on th e
0.2000 mA f . s . d .  ran g e , in  s e r ie s  w ith  th e  galvanom eter c o i l .  The
slope  o f  th e  c a l ib r a t io n  graph i s  0 .21  yA.mV” 1 . Using th e  manu-
-9  - if a c tu r e r s  s p e c i f ic a t io n  f o r  th e  c o i l  s e n s i t i v i t y  o f  2 .5  x 10 Nm.yA 
th e  c a l ib r a t io n  o f th e  ”Y” ou tpu t a g a in s t th e  to rq u e  on th e  g a lv an ­
om eter c o i l  i s  5.25 x 10” 10 Nm.mV” 1.
A check on t h i s  c a l ib r a t io n  o f th e  to rq u e  magnetom eter was made 
by m easuring th e  to rq u e  curve o f a f i lm  w ith  a  known c a l ib r a te d  to rq u e
cu rve . A m anually compensated m agnetom eter, a t  S i r  John Cass 
C o lleg e , London, was used  to  determ ine th e  to rque  curve o f  a 
s in g le  c r y s ta l  co b a lt f i lm . This magnetometer was c a l ib ra te d  by 
determ in ing  th e  p e rio d s  o f  sm all o s c i l l a t i o n s  o f  th e  sample 
h o ld e r f o r  s e v e ra l  d i f f e r e n t  w eights p laced  on th e  sample h o ld e r .
The f i lm  to rq u e  curve was th en  determ ined on th e  a u th o r ’s magnet­
om eter. The magnetometer c a l ib r a t io n  deduced from t h i s  work was 
5.15 x 10” 10 Nm.mV” 1, in  good agreement w ith  th e  value  p re v io u s ly  
determ ined . The magnetometer c a l ib r a t io n  was tak en  to  be
5.2 x k T 10 Nm.mV” 1 which had a  p o s s ib le  ± 1% e r r o r  in  i t .
Many au tom atic  to rq u e  magnetometers have an o u tp u t which i s  
su p p lie d  to  th e  Y -axis o f an X-Y p l o t t e r ,  w h ils t  th e  X -axis d riv e  
i s  d e riv ed  from a p o ten tio m e te r connected to  th e  magnet tu r n t a b le .
This c o n fig u ra tio n  was t r i e d  w ith  th e  magnetom eter. A te n  tu rn  
h e l ip o t  was geared  to  th e  magnet tu r n ta b le  and th e  v o lta g e  ac ro ss  
th i s  was connected to  th e  X -axis d riv e  o f  a BRYANS 2200 X-Y p l o t t e r .  
The "Y" o u tpu t o f th e  to rque  com pensating a m p lif ie r  was connected  
to  th e  Y -axis d riv e  o f th e  p l o t t e r .  I t  was found th a t  th e  to rq u e  
com pensating a m p lif ie r  perform ance was degraded , p robab le  due to  
th e  low in p u t impedance o f th e  p l o t t e r  (5Kft). This le a d  to  
severe  hu n tin g  on th e  Y -axis d r iv e .
For t h i s  re a so n , th e  to rque  curve read in g s  were tak en
s e q u e n tia l ly  fo r  every  5° o f  magnet r o ta t io n .  The X-Y p l o t t e r  was
n o t used and th e  nYM ou tpu t was no ted  u sing  a 1613 d i g i t a l  m u ltim e te r .
The magnetometer l im i t  o f  re s o lu t io n  was s e t  by th e  n o ise  and
v ib ra t io n  o f th e  system  and th e  l im i t s  o f th e  1613 m u ltim ete r "Y"
ou tp u t re a d in g . This l im i t  o f  r e s o lu t io n  was 2 .5  x io ~ 10 Nm 
-  3(2 .5  x io  dyne cm). Using a c o p p e r-co b a lt sample ( -  0 .5  mm x
-  JLKJV -
3 nun d iam .) w ith  p re c ip i ta te d  c o b a lt p a r t i c l e s ,  th e  upper l im i t
*-6o f th e  magnetometer was found to  be 1 .5  x io~ Nm (15 dyne cm) 
whereupon th e  com pensating a m p lif ie r  f a i l e d  to  supply  enough 
r e s to r in g  c u rre n t to  th e  galvanom eter c o i l .
F igure  6 .3  (C hapter 6) shows th e  background to rq u e  curve o f
103 -1th e  magnetometer measured f o r  a f i e l d  o f 9000 *   Am in  th e
hit
absence o f a specim en.
5 Measurement O peration
The c o b a lt f ilm s  had a b r ig h t  m e ta l l ic  appearance on rem oval 
from th e  ev ap o ra tio n  chamber. With th e  to rque  m agnetometer 
a m p lif ie r  in  th e  "galvanom eter sh o r te d ” p o s i t io n  and w ith  th e  
magnet pushed back on i t s  tra c k s  to  expose th e  specimen h o ld e r ,  
th e  f i lm  on i t s  s u b s tr a te  was p laced  on th e  m agnetometer specimen 
h o ld e r  (see  F igu res 5 .9  and 5 .1 1 ) . The e lec trom agnet was th en  
pushed forw ard on i t s  tra c k s  so  th a t  th e  specimen was in  th e  c e n tre  
o f  th e  po le  gap. The paper draught s h ie ld  was s e l lo ta p e d  around 
th e  po le  p ie ce s  so th a t  i t  en c lo sed  th e  po le  p ie ce s  and th e  specim en. 
The to rque  com pensating a m p lif ie r  was th en  sw itched  to  th e  "g a lv an ­
ometer o p e ra tiv e "  p o s i t io n .  The c e n t r a l i s in g  o f  th e  galvanom eter 
system  cou ld  be observed by th e  ra p id  re d u c tio n  to  zero  on th e  "Y" 
o u tp u t v o ltag e  re a d in g .
I f  th e  galvanom eter l ig h t  sp o t d id  n o t f a l l  on th e  pho to ­
r e s i s to r s  a t  i t s  n a tu r a l  ba lance  p o s i t io n  ( i . e .  w ith  no c o i l  c u r re n t)  
then  sw itch in g  to  "galvanom eter o p e ra tiv e "  would send th e  g a lv an ­
om eter h a rd  to  one s id e .  However, i f  th e  a m p lif ie r  was sw itched  
back to  th e  "galvanom eter sh o rted "  p o s i t io n ,  th e  galvanom eter cou ld  
be balanced  so th a t  th e  l i g h t  sp o t f e l l  on th e  p h o to re s is to r s  by
r o ta t in g  th e  top  phosphor-bronze ligam ent by means o f  a k n u rled  
r in g  s i tu a te d  on to p  o f  th e  galvanom eter body (F ig u re  5 .5 ) .
The e lec trom agnet was r o ta te d ,  w ith  th e  e l e c t r i c  m otor, to  
a p o s i t io n  s u i ta b le  to  s t a r t  a to rq u e  cu rv e . The e lec trom agnet 
c o i l  c u r re n t was in c re a se d  u n t i l  th e  m agnetic f i e l d  in  th e  po le  
gap was 9000 x iQ lt fn  Am 1. This value cou ld  be re a d  from th e  
magnet c a l ib r a t io n  curve (F igu re  5 .8 ) .  A v o ltag e  read in g  on 
th e  ”Y” o u tpu t was im m ediately observed , i . e .  th e  galvanom eter 
c o i l  was ex p erien c in g  a to rq u e  due to  th e  specim en. The "Y" 
ou tp u t was n o ted  f o r  every  5° o f  ro ta t io n  o f  th e  e lec tro m ag n e t.
Approxim ately 270° o f  ro ta t io n  were covered . From th e se  re a d -
s
ings a to rq u e  curve cou ld  be c o n s tru c te d  f o r  th e  specim en.
5 .5 Low F ie ld  Torque Curves
With th e  to r s io n  ax is  o f th e  m agnetometer p a r a l l e l  t o  th e
f ilm  p lane  and w ith  an easy  d ire c t io n  o f m ag n e tisa tio n  in  th e
p lane  o f  th e  f i e l d  (F ig u res  5 .10 and 5 .1 2 ) , i t  i s  p o s s ib le ,  by
determ in ing  th e  to rque  o f  th e  specimen a t  f i e ld s  <sc 2 tt M2 , tos
deduce s e v e ra l  m agnetic p r o p e r t i e s ^ ^ .
At th e se  low f i e ld s  where th e  f ilm  m ag n etisa tio n  rem ains 
p a r a l l e l  to  an easy  d i r e c t io n ,  th e  to rq u e  on th e  sample i s  g iven  
by
L = -  M x H
"S
th e re fo re
L = ” Ms HAPP S in*
where \j> i s  th e  angle  between th e  easy  d ire c t io n  o f  th e  f i lm  and th e
applied, f i e l d  H d i r e c t io n ,  and M i s  th e  volume s a tu r a t io n  mag-s
n e t i s a t io n  equal to  I  V where V i s  th e  f i lm  volume. Doyle 
u s in g  a d i r e c t  measurement o f  th e  h y s te r e s is  lo o p , has shown th a t  
th e  remanence o f  th e se  {loo} c o b a lt t h in  film s i s  u n ity  in  th e  easy  
d i r e c t io n .  T h e re fo re , th e  maximum to rq u e  experienced  by th e  
specimen in  t h i s  mode w i l l  be
LMAX = ” I s v happ
I f  s e v e ra l  low f i e l d  to rque  curves a re  o b ta in ed  f o r  a f ilm
w ith  d i f f e r e n t  v a lu es  o f  H^pp, then  a graph o f  v s . H^pp w i l l
-2 (132)have a s lo p e  o f  -  I V .  Using th e  va lue  o f  I  = 1.870 wbms s
th en  th e  e f f e c t iv e  f ilm  volume can be determ ined . Only th e  f ilm  
volume c o n tr ib u tin g  to  th e  to rq u e  i s  found in  t h i s  way, so  t h a t  
any u n o rien ted  o r  non-m agnetic m a te r ia l  p re se n t in  th e  f i lm  i s  
n o t in c lu d ed  in  th e  volume d e te rm in a tio n i
5 .5 .1  Low F ie ld  Torque Measurement O peration
A ll th e  th in  f ilm s  whose th ic k n e ss  was le s s  th an  18 nm had
t h e i r  volume determ ined u sin g  th e  low f i e l d  to rq u e  m ethod. A f te r
th e  h igh  f i e l d  to rq u e  curve had been ta k e n , th e  f ilm  on i t s  sub­
s t r a t e  was re p o s itio n e d  in  th e  to rq u e  magnetometer sample h o ld e r ,  
such th a t  th e  f i n a l  f ilm  geometry was re p re se n te d  by F ig u re  5 .1 2 .
103 -1Torque curves a t  v a rio u s  f i e l d s ,  i . e .  250-700 * Am were
th en  taken  w ith  in c re a s in g  and d ecreasin g  v a lu es  o f $ so  t h a t  th e
r o ta t io n a l  h y s te r e s is  due to  th e  180° r e v e r s a l  o f  th e  f ilm  mag­
n e t i s a t io n  was ap p aren ti
hysteresis method
(a )  The minor loop in an --i.e. f i e l d  a long the  hard a x is  has 
(under c e r t a in  co n d it io n s  the  s lope 
Ms
torque method
(b) The torque in  a s tro n g  r o t a t i n g  magnetic f i e l d  has th e  
amplitude K.V (V i s  film  volume).
FIGURE 5 .1 . D if fe re n t  Methods f o r  Measuring the  A nisotropy 
Constant K or the  an iso tro p v  f i e l d  IL. f o r  th in  
f i lm s .  “ K
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CHAPTER 6
MAGNETIC MEASUREMENTS OF THE FILMS
6 .1  In tro d u c tio n
This c h a p te r  d ea ls  w ith  th e  r e s u l t s  ob ta ined  when th e  c o b a lt 
th in  f i lm s ,  produced by th e  tech n iq u es  d esc rib ed  in  C hapter 3 , were 
in v e s t ig a te d  u sing  th e  to rque  m agnetom eter, th e  design  and o p e ra tio n  
o f which was d e sc rib ed  in  C hapter 5 . The f i n a l  two s e c tio n s  o f 
t h i s  c h ap te r  in c lu d e  a d isc u ss io n  o f th e  r e s u l t s  and th e  g e n e ra l 
conclusions which could be a r r iv e d  a t  f o r  th e  in v e s t ig a t io n  d e a l t  
w ith  in  t h i s  t h e s i s .
6 .2  Low F ie ld  Torque Measurements
C hapter 5 , s e c tio n  5 .5 , d e sc rib e s  a techn ique  which can be 
employed to  determ ine th e  volume o f c ry s ta l lo g ra p h ic a l ly  a lig n e d  
m agnetic m a te r ia l  p re se n t in  a m o n o cry sta llin e  th in  f i lm . This 
method uses to rq u e  curves o f th e  f ilm s  tak en  fo r  low a p p lie d  f i e l d s ,
i . e .  «  2 t t  M^. In t h i s  case  th e  m ag n etisa tio n  o f th e  th in  f ilm  
always l i e s  in  an easy  d ire c t io n  o f m ag n etisa tio n  f o r  th e  f ilm  
m a te r ia l .
F igu res 6 .1 a  and 6.1b show a s e t  o f to rq u e  curves f o r  a  c o b a lt
th in  f ilm  evaporated  a t  T > 410°C on to  th e  (001) fa c e  o f a MgOs
s in g le  c r y s ta l  s u b s t r a te .  The geometry o f th e  f i lm , to r s io n  a x is  
and ap p lied  f i e l d  i s  shown in  th e  sm all sk etch  a t  th e  bottom  o f 
F igure  6 .1 a . A more d e ta i le d  drawing o f th e  low f i e l d  to rq u e  
curve geometry i s  shown in  F igure  5 .1 2 . The fo u r to rq u e  curves 
o b ta in ed  fo r  t h i s  f ilm  correspond to  fo u r d i f f e r e n t  v a lu es  o f th e
magnetometer* ap p lie d  f i e l d ,  HApp* These f i e ld s  a re  quoted a t  th e  
to p  o f  each s e t  o f cu rv e s .
The curves were taken  f o r  in c re a s in g  and d ecreasin g  v a lu es  o f 
\p9 th e  ang le  between th e  easy  d ire c t io n  o f m ag n e tisa tio n  and th e  
ap p lied  f i e l d .  In  t h i s  way th e  r o ta t io n a l  h y s te r e s is  e x h ib ite d  
by th e  to rq u e  cu rv e s , could  be s tu d ie d . When th e  ap p lie d  f i e l d  
passes  th rough th e  [00l] o r  [OOIJ d i r e c t io n s ,  th e  to rq u e , e x e r te d  
by th e  specimen f i lm , changes s ig n . This i s  due to  th e  d i r e c t io n  
o f m agn etisa tio n  o f  th e  f ilm  re v e rs in g  when th e  component o f  th e  
a p p lie d  f i e l d ,  in  th e  easy  d i r e c t io n ,  equals  th e  co erc iv e  fo rc e  o f 
th e  f i lm  m a te r ia l .  The r o ta t io n a l  h y s te r e s is  e x h ib ite d  by th e  
to rq u e  curves r e f l e c t s  t h i s  180° r e v e r s a l  o f th e  f ilm  m a g n e tisa tio n .
I t  can be seen th a t  when th e  a p p lie d  f i e l d  i s  in  th e  [llO ] o r  
o r [n o ] d i r e c t io n s ,  th e  torqUe e x e r te d  by th e  specimen i s  z e ro .
This means th a t  th e  ang le  between th e  f ilm  m ag n etisa tio n  d i r e c t io n  
and th e  a p p lie d  f i e l d  d ire c t io n  must be z e ro . T h e re fo re , th e  easy  
m ag n etisa tio n  d ir e c t io n  must be in  th e  <110> type  d ire c t io n s  f o r  
th e  F.C .C . {l00} c o b a lt th in  f i lm .
6 .2 .1  D eterm ination  fo r  th e  Film  Volume from Low F ie ld  Torque Curves
We have from C hapter 5 th a t  th e  maximum to rq u e , 1*^^, e x e r te d  
by th e  f ilm  in  t h i s  mode i s  given by
LMAX I s v happ
where V i s  th e  f ilm  e f f e c t iv e  volume, and I  i s  th e  s a tu r a t io n  mag-s
n e t i s a t io n  o f th e  f i lm  m a te r ia l .  A graph o f  L,,.., v s . f o r  a& r  MAX APP
s e t  o f to rque  c u rv e s , such as th o se  shown in  F igures 6 .1 a  and 6 .1 b ,
would th e re fo re  g ive  a s lo p e  equal to  I  V, from which th e  f ilms
volume may be determ ined . F igure  6 .2 shows such a graph fo r  th e
to rq u e  curves given in  F ig u res  6 .1a  and 6 .1 b . The e r r o r  b a rs  in
th e  a p p lie d  f i e l d  read in g  r e f l e c t  th e  accuracy  to  which th e  f lu x -  
m eter, which was used to  c a l ib r a te  th e  ap p lie d  f i e l d ,  cou ld  be 
re a d .
_2 (132)Using a va lue  o f I  = 1.847 wb.m fo r  F.C .C . c o b a lt
and th e  ex p erim en ta lly  determ ined s lo p e  o f th e  v s . H^pp
g raph , th e  f ilm  e f f e c t iv e  volume could  be deduced. Only th e  
m agnetic volume c o n tr ib u tin g  to  th e  to rq u e  i s  determ ined w ith  
t h i s  method, so t h a t  any non-m agnetic m a te r ia l  p re s e n t in  th e  
f ilm  i s  excluded .
This method was used to  determ ine th e  volume o f a l l  th e  th in
f ilm s  whose th ic k n e ss  was le s s  th an  18 nm.
High F ie ld  Torque Measurements
1 0  3 - i
High f i e l d  (H^pp = 9000 x Am ) to rq u e  curves o f th e  
c o b a lt  th in  f ilm s  were o b ta in ed , as d e sc rib ed  in  C hapter 5 , so 
t h a t  th e  m ag n e tisa tio n  a n iso tro p y  o f th e  f ilm  m a te r ia l  cou ld  be 
in v e s t ig a te d .
F igure  6 .3  shows th e  high  f i e l d  to rq u e  curves o b ta in e d  fo r  
s e v e ra l p lane { i l l}  and {l00} MgO s u b s t r a te s .  These in c lu d e  th e  
to rq u e  magnetometer background to rq u e  cu rv e . The to rq u e  magneto­
m eter background to rq u e  cu rv e , which was o b ta in ed  by observ ing
10 3 - ith e  ou tpu t o f  th e  magnetometer f o r  a  f i e l d  o f  9000 x Am w ith  
no specimen on th e  specimen h o ld e r ,  i s  shown a t  th e  bottom  o f  
F igure  6 .3 .  The to rque  curves o b ta in ed  from th e  { i n }  MgO sub­
s t r a t e s  in d ic a te  t h a t  no m easurable to rq u e  i s  due t o  th e  s u b s tr a te  
as s u b tra c t io n  o f th e  magnetometer to rq u e  curve would le ad  to  a 
zero  am plitude cu rv e . The curves o b ta in ed  from th e  {lOO} sub­
s t r a t e s  do , however, su g g est th a t  th e  s u b s tr a te  produced a to rq u e  
o f i t s  own. This f a c t  could n o t be c o r re la te d  to  th e  com position 
o f th e  s u b s t r a te s ,  a lthough  some o f th e  s u b s tr a te s  had up to  
3000 p .p .m . o f  iro n  in  them. This d id  n o t produce any m easurable 
change in  th e  to rq u e  cu rv e . This change in  th e  to rq u e  curve 
cou ld , however, be a t t r ib u te d  to  shape an iso tro p y  o f th e  s u b s t r a te s .  
The {lOO} s u b s tr a te s  were c leaved  to  roughly  12.5 x 12.5 mm s iz e  
w h ils t  th e  { i l l}  s u b s tr a te s  had to  be diamond cu t and were th e re fo re  
more a c c u ra te ly  sq u are . The f a c t  th a t  th e  s u b s tr a te s  had a sm all 
to rq u e  curve o f t h e i r  own meant t h a t  th e  s u b s tr a te  to rq u e  curve was 
su b tra c te d  from th e  f ilm  p lu s  s u b s tr a te  to rq u e  curve b e fo re  
measurements o f th e  f i lm  a n iso tro p y  could  be ta k e n .
6 <>3,1 (001) Film Torque Curves
The High F ie ld  Torque Curve o b ta in ed  from a 32 nm th ic k  c o b a lt  
f i lm  evaporated  onto th e  (001) face  o f  a MgO s in g le  c r y s ta l  sub­
s t r a t e  a t  Tg > 410°C i s  shown in  F igure  6 .4 . This curve has been 
c o rre c te d  f o r  s u b s tr a te  and magnetometer to rq u e .
From C hapter 5 we have t h a t  th e  energy  o f  m ag n e tisa tio n  i s  
a s s o c ia te d  w ith  th e  observed h igh  f i e l d  to rque  such th a t
3E
L = ------ -8<f>
where E i s  th e  m ag netisa tion  en ergy . The v a r ia t io n  o f th e  mag- 
m e tisa tio n  energy w ith  <f>, th e  angle between th e  [lOO] d i r e c t io n  
and th e  m agn etisa tio n  d ire c t io n  can , th e r e f o r e ,  be deduced from
th e  ex perim en ta l to rq u e  cu rve . This i s  shown in  th e  low er h a l f  
o f F igure  6 .4 .  The p o s it io n s  o f v a rio u s  c ry s ta l lo g ra p h ic  d ire c ­
t io n s  which l i e  in  th e  ( 001) p lane  a re  superim posed on th e  two 
curves shown in  F igure  6 .4 .
I t  can be seen th a t  th e  <110> type  d ire c t io n s  co in c id e  w ith  
m agn etisa tio n  energy minima w h ils t  th e  <1Q0> d ire c t io n s  c o r re s ­
pond to  energy maxima. This means th a t  th e  easy  d ire c t io n s  o f  
m ag n e tisa tio n  in  th e  F.C .C . (001) co b a lt th in  f ilm  a re  th e  <110> 
ty p e s f o r  th i s  p a r t i c u la r  p lane  o f m ag n etisa tio n  r o t a t i o n .
From C hapter 5 , s e c tio n  5 .2 , we have th a t  th e  expected  
to rque  curve .fo r  a specimen e x h ib it in g  cub ic  an iso tro p y  w ith  th e  
m ag n etisa tio n  con fined  to  th e  ( 001) p lane  i s
Ki .
Lo o i = -  — s in ^
where <J> i s  th e  angle between th e  [JLOO] d ire c t io n  and th e  d i r e c t io n  
f  m ag n e tisa tio n , and i s  th e  f i r s t  o rd e r a n iso tro p y  c o n s ta n t .  
The ex p erim en ta lly  determ ined to rq u e  curve shown in  F igu re  6 .4  i s  
c le a r ly  o f th e  form
K1L = + 2““ sm 4$ .
T herefore  th e  a n iso tro p y  c o n sta n t in  t h i s  case must be n e g a tiv e  
This f a c t  im p lies  t h a t  th e  easy d ire c t io n  o f  m ag n e tisa tio n  o f  th e  
th in  f ilm  i s  e i th e r  a <110> type  o r  a <111> t y p e ^ ' ^ .
Most o f th e  film s  measured w ith  th e  h ig h  f i e l d  to rq u e  method 
gave a good sin4<{> curve as shown in  F igure  6 .4 . A few o f  th e  
f ilm s  d id  have an a d d itio n a l s in 2<J> term  p re se n t in  th e  curve and 
F o u rie r  a n a ly s is  showed th i s  term  to  be about 5% o f th e  am plitude
o f th e  sin4<{> te rm . This e x tra  sin2$ term  could  no t r e a d i ly  be 
a t t r ib u te d  to  any obvious s t a t e  o f th e  f i lm . This term  was some­
tim es p re se n t w ith  p o lish e d  as w e ll as c leaved  s u b s tr a te  f i lm s ,  so 
th e  ex p lan a tio n  o f cleavage s te p s  in  th e  s u b s tr a te  causing  th e  
e x tra  term  i s  n o t c o n s is te n t  w ith  th e  r e s u l t s .
The b ia x ia l  a n iso tro p y  c o n sta n t fo r  th e  m agnetic f ilm  whose 
high  f i e l d  to rq u e  curve i s  shown in  F igure  6 .4  i s  equal t o  
4 ± 0.15 x 10^ J  M"*3. This was determ ined  by u sing  a th in  f ilm  
th ic k n e ss  o f 32 ± 2 nm and a  f ilm  a re a  eq u al to  a 10 mm d iam eter 
c i r c l e .  A ll th e  film s  whose th ic k n e ss  was g re a te r  th an  18 nm were 
measured in te r f e r o m e tr ic a l ly .
F igure  6 .5 shows th e  v a r ia t io n  o f  th e  maximum to rq u e  w ith  th e
a p p lie d  f i e l d  f o r  s e v e ra l  f i lm s .  The graph shows th a t  th e  f ilm
specimens were co m p le te ly sa tu ra ted  a t  th e  f i e ld s  used to  determ ine
th e  h igh  f i e l d  to rq u e  cu rv es , so t h a t  th e  u su a l e x tra p o la t io n  fo r
to rq u e  as ~  -*■ 0 was unnecessary , n
6 .3 .2  The E f fe c t o f S u b s tra te  D eposition  Temperature T_ 
on th e  A pparent A niso tropy
S ev era l c o b a lt th in  film s  were evapo ra ted  onto  c leav ed  and
p o lish e d  (001) MgO s u b s tra te s  a t  d i f f e r e n t  s u b s tr a te  tem p e ra tu res
T . F igure  6.6  shows th e  h igh  f i e l d  to rq u e  curves o b ta in e d  from s
th re e  f i lm s ,  a l l  o f th e  same th ic k n e s s , namely 29 ± 2 nm, b u t 
p repared  a t  d i f f e r e n t  s u b s tr a te  tem p e ra tu res .
I t  can be seen th a t  th e re  i s  a g rad u a l re d u c tio n  in  th e  
am plitude o f th e  sin4$ curve as th e  s u b s tr a te  d e p o s itio n  tem per­
a tu re  Tg i s  reduced . Mote th a t  th e  change in  v e r t i c a l  s c a le  f o r  
th e  f ilm  p repared  a t  Tg = 350°C.
The apparen t b ia x ia l  a n iso tro p y  c o n s ta n t o f th e se  film s  was 
c a lc u la te d  from  th e  am plitude o f  th e  experim en tal to rq u e  curves 
ta k in g  th e  whole volume o f  th e  f ilm  t o  be  e f f e c t iv e  in  p roducing  
th e  to rq u e . T h e re fo re , s in ce  th e  th re e  f i lm s ,  whose to rq u e  
curves a re  shown in  F igure  6 . 6 , have th e  same volume, th e  ap p aren t 
b i a x ia l  a n iso tro p y  co n stan t K1 i s  reduc ing  w ith  th e  re d u c tio n  in  
th e  s u b s tr a te  d e p o sitio n  tem p era tu re .
This v a r ia t io n  o f  th e  ap p aren t b i a x ia l  a n iso tro p y  co n sta n t 
w ith  s u b s tr a te  d e p o s itio n  tem pera tu re  i s  shown in  F igu re  6 .7 . I t  
can be seen th a t  th e  b i a x ia l  a n iso tro p y  c o n sta n t ( f o r  th e  f ilm s)  
has a v a lu e  o f  3.85 ± 0.15 x io H J  m f o r  film s  p rep a red  a t  sub­
s t r a t e  d ep o sitio n  tem pera tu res  > 410°C. With a  re d u c tio n  in  
th e  s u b s tr a te  tem pera tu re  below 410°C, th e  apparen t a n iso tro p y  
co n stan t f a l l s  r a p id ly  away from th e  maximum v a lu e .
No d if fe re n c e  was found f o r  film s  grown on cLeaved o r  p o lish e d  
Lib s t  r a te s  •
6 .3 .3  The E ffe c t o f Film  Thickness on th e  A niso tropy
S ev era l c o b a lt  th in  f ilm s  were evapora ted  onto  c leav ed  and 
p o lish e d  (001) MgO s u b s tr a te s  w ith  th e  same s u b s tr a te  d e p o s it io n  
tem pera tu re  (440°C) b u t w ith  v a r ia t io n s  in  th e  th ic k n e ss  o f  th e  
f i lm s .
F igure  6.8  shows th e  v a r ia t io n  o f  th e  f i lm s 1 b ia x ia l  a n iso tro p y  
c o n sta n t w ith  th e  f ilm  th ic k n e s s . The la rg e  e r r o r  b a rs  f o r  th e  
f ilm s  w ith  th ic k n e ss  > 18 nm a re  due to  th e  in accu racy  o f  m easuring 
th e  th ic k n e ss  in te r f e r o m e tr ic a l ly . The two film s  shown w ith
th ick n ess  < 18 nm had t h e ir  th ick n ess  measured by th e  low f i e l d
to rq u e  curve method. I t  can be seen th a t  th e  apparen t b ia x ia l
a n iso tro p y  c o n sta n t i s  in v a r ia n t f o r  f ilm  th ic k n e ss  between 4 nm
— 3and 35 nm9 th e  va lue  being  3.85 ± 0 .15  x 10^ J  m" .
6 .3 .4  Film s Grown on f i l l }  MgO S u b s tra te s
Many c o b a lt th in  film s  were grown on to  { in }  su rfa c e s  o f  MgO 
s in g le  c r y s ta l  s u b s t r a te s .  No observab le  to rq u e  curve could  be 
m easured, however, even fo r  s u b s tr a te  d ep o sitio n  tem p era tu res  o f 
500°C.
6 .4  D iscussion
As was shown in  C hapter 4 , th e  e p ita x y  o f c o b a lt  on th e  (001) 
face  o f heated  MgO C ry s ta ls ,  depends on th e  d e p o sitio n  tem p era tu re  
T , a t  which th e  c o b a lt f ilm  i s  ev ap o ra ted . E lec tro n  d i f f r a c t io n  
o f  th e  th in  film s  a f t e r  d e p o s itio n  showed th a t  th e  f ilm s  become 
more a lig n e d , c r y s ta l lo g ra p h ic a l ly ,  as th e  s u b s tr a te  d e p o s it io n  
tem peratu re  i s  in c reased  u n t i l  m o n o cry s ta llin e  F .C .C . f ilm  d e p o s its  
a re  ob ta ined  f o r  s u b s tr a te  d e p o sitio n  tem p era tu res  > 410°C.>
This f a c t  i s  c le a r ly  r e f le c te d  in  th e  r e s u l t s  o b ta in ed  f o r
th e  v a r ia t io n  in  th e  apparen t b ia x ia l  a n iso tro p y  co n s ta n t o f th e
f ilm  m a te r ia l  w ith  th e  s u b s tra te  d e p o s it io n  te m p e ra tu re , T .s
This i s  shown in  F igure  6 .7 . As th e  s u b s tr a te  te n p e ra tu re  i s  
reduced below 410°C, more o f th e  f ilm  d e p o s it becomes p o ly c r y s ta l l in e  
so th a t  th e  e f f e c t iv e  m agnetic volume o f th e  f ilm  producing  th e  
observed sin4^) to rq u e  i s  reduced . The volume o f f ilm  used  to  
determ ine th e  an iso tro p y  co n sta n t shown in  F igure  6 .7 ,  i s  th e  
t o t a l  volume o f th e  f ilm  in c lu d in g  any p o ly c ry s ta l l in e  m a te r ia l  
which does no t c o n tr ib u te  to  th e  observed to rq u e . T h e re fo re , th e
ap p aren t an iso tro p y  c o n stan t o f th e  f ilm  w i l l  reduce as th e  p o ly ­
c r y s ta l l in e  co n ten t in c re a s e s , i . e .  th e  s u b s tra te  d e p o s it io n  
tem pera tu re  f a l l s .
T his r e s u l t  i s  in  good agreement w ith  th e  o b se rv a tio n s  made 
( 7 )
by Doyle who a lso  noted  a sharp  f a l l - o f f  in  th e  ap p aren t b ia x ia l  
a n iso tro p y  c o n s ta n t f o r  s u b s tr a te  d e p o sitio n  tem p era tu res  < 400°C 
(see C hapter 1 ) .  Doyle says th a t  he determ ined th e  e f f e c t iv e  
volume o f th e  f ilm s  u sing  th e  low f i e l d  to rq u e  method. T h e re fo re , 
he measured only  th a t  volume o f th e  f i lm  th a t  was producing th e  
sinM-<j) to rq u e  cu rv e , so th a t  th e  a n iso tro p y  c o n s tan t th a t  he 
measured f o r  th e  F.C .C . m a te r ia l  in  th e  film s  should n o t have 
dvtended on th e  s u b s tr a te  d e p o sitio n  te m p e ra tu re .
The b ia x ia l  an iso tro p y  c o n sta n t th a t  i s  c a lc u la te d  from th e
to rque  curves ob ta ined  from m o n o cry sta llin e  F .C .C . c o b a lt f ilm s  in
th e  p re se n t work, ag rees w e ll w ith  th e  r e s u l t s  o b ta in ed  p re v io u s ly .
Doyle observed a va lue  o f between -  3 x 104 J  m”3 and -  6 x 101* J  M
( 6 )in  as d ep o sited  (001) p lane c o b a lt f ilm s  on MgO and R odbell 
n o ted  a room tem peratu re  value  o f -  7 x 104 J  m"”3 f o r  th e  same 
system . The au thor*s work su g g ests  a va lu e  o f -  3.8 ± 0 .1  x 101* J  
f o r  th e  b ia x ia l  an iso tro p y  co n s ta n t o f {lOO} f ilm s  o f F .C .C . c o b a lt  
evaporated  onto MgO s u b s t r a te s .
Doyle suggested  th a t  t h i s  va lue  of th e  b ia x ia l  a n iso tro p y  
c o n sta n t was in flu en ced  by th e  t e n s i l e  s t r e s s  in  th e  c o b a lt  f i lm  
due to  d i f f e r e n t i a l  therm al c o n tra c tio n  a f t e r  th e  f ilm  d e p o s it io n  
p ro c e ss . S is  annea ling  r e s u l t s  fo r  c o b a lt f ilm s  le d  him to  
b e lie v e  th a t  a va lue  o f -  17 x 101* J  n f  3, which i s  in  c lo se  a g re e ­
ment w ith  th e  e x tra p o la te d  va lue  found by Sucksmith and Thompson 
f o r  bulk  F .C .C . c o b a lt (see  C hapter 1 ) ,  was a b e t t e r  r e s u l t .
However, F i s h e r h a s  suggested  th a t  th e  annea ling  experim ents
o f Doyle m erely in c reased  th e  t e n s i l e  s t r e s s  o f th e  c o b a lt f i lm .
(134)The work o f Tatsumoto on n ic k e l  sug g ests  th a t  th e  e x tra  con­
t r i b u t io n  to  th e  va lue  o f fo r  a  t e n s i l e  s t r a in  would be o f  th e  
o rd e r o f  -  0 .5  x 10^ J  n f 3 to  -  0 .8  x i o 1* J  n f 3. K irensky(11) 
a ls o  assumed th a t  s t r e s s e s  were th e  cause o f th e  h igh  v a lues 
( -  12 x i o 1* J  n f 3) f o r  th e  b ia x ia l  a n iso tro p y  which he observed 
f o r  c o b a lt  f ilm s  on MgO.
I t  i s  in te r e s t in g  to  no te  th a t  s e v e ra l  au th o rs  have measured 
th e  b ia x ia l  a n iso tro p y  co n stan t o f  F .C .C . c o b a lt f ilm s  which have 
been e le c t ro p la te d  onto copper s u b s t r a te s ,  and have o b ta in ed  
Values very  s im ila r  to  th o se  o b ta in ed  from co b a lt f ilm s  on MgO. 
F ish e r^ 10  ^ quotes a va lue  o f -  5.25 ± 0,25 x 10^ J  m"*3 and A n d r a ^  
ob ta ined  v a lu es  between -  5 x 10^ J  n f 3 and -  7 x io ^  J  n f 3 f o r  
c o b a lt f ilm s  e le c tro p la te d  onto  copper. The s t r e s s  problem  cannot 
a r i s e  in  th e se  cases as  th e  d ep o sitio n  o f th e  film  and measurement 
was c a r r ie d  out a t  room te m p era tu re , so no d i f f e r e n t i a l  th e rm al 
expansion i s  produced.
The r e s u l t s  o b ta in ed  fo r  th e  v a r ia t io n  o f th e  observed  b i a x ia l  
an iso tro p y  c o n stan t w ith  f ilm  th ic k n e ss  (F igure  6 . 8 ) show a marked 
improvement on th e  r e s u l t s  quoted by Andra (see  C hapter 1 ) ,  a lthough  
he says th a t  th e  s c a t t e r  i s  reduced cn an n ea lin g  th e  f i lm s .  Doyle 
observed th a t  th e re  was no c o r re la t io n  between th e  b ia x ia l  a n iso ­
tro p y  c o n stan t and th e  f ilm  th ic k n e ss  fo r  evaporated  Co f ilm s  
between 35 nm and 135 nm th ic k ,  b u t he determ ined th e  f ilm  th ic k n e s s  
by th e  low f i e l d  to rq u e  method which only  m easures th e  f i lm  volume 
c o n tr ib u tin g  to  th e  observed a n iso tro p y  anyway.
The in v a ria n ce  o f th e  apparen t a n iso tro p y  c o n stan t w ith  f ilm  
th ic k n e ss  su g g ests  th a t  s t r a in  e f f e c t s  are  n o t re sp o n s ib le  fo r  
th e  observed v a lu e s . I t  would be expected th a t  as  th e  f ilm  
th ic k n e ss  in c re a se d  th e  p ro p o rtio n  o f s t r a in e d  f ilm  m a te r ia l  would 
be red u ced . This would le a d  to  d if fe re n c e s  in  th e  observed 
a n iso tro p y  c o n s ta n ts .
I f  th e  t ru e  value  o f a t  room tem peratu re  i s  -  -  11 * 10^ J  m 
th e  observed an iso tro p y  o f th e  film s  should  in c re a se  as th e  f ilm  
th ic k n e ss  i s  in c re a se d . This has n o t been found to  be so .
The two p o in ts  in  F igure  6.8  re p re se n tin g  th e  two th in n e s t  
f ilm s  were o b ta in ed  by de term in ing  th e  f ilm  th ic k n e ss  by th e  low 
f i e l d  to rq u e  method so th ey  m ight be su sp ec t fo r  th e  reaso n s o u t­
l in e d  above. I f  th e  t o t a l  volume o f f ilm  m a te r ia l  had been 
determ ined , i . e .  by X-ray f lu o re sc e n c e , then  th e  observed a n iso ­
tro p y  c o n s tan t m ight have been lower th an  th e  value  quoted due 
to  some p o rtio n s  o f th e  f ilm  which d id  n o t c o n tr ib u te  to  th e  
observed high f i e l d  to rq u e . This could be due to  m isalignm ent 
o f some is la n d s  in  th e  very  th in  f ilm  s t r u c tu r e .
This m isalignm ent o f some p o r tio n s  o f th e  f ilm  i s  c le a r ly  
shown in  th e  tw inn ing  observed in  th e  e le c tro n  d i f f r a c t io n  p a t te rn s  
o b ta in ed  from th e  f ilm s  (see  C hapter 4 ) .  A lso , th e  low f i e l d  
to rq u e  curve shown in  F igures 6 .1 a  and 6 .1 b , m isalignm ent o f some 
f i lm  m a te r ia l  i s  e v id e n t. For a t r u e  s in g le  domain p a r t i c l e  which 
re v e rse s  i t s  d i r e c t io n  o f m agn etisa tio n  by r o ta t io n  o f  s p in s ,  th e  
maxima o f th e  low f i e l d  to rque  curve should  occur when th e  a p p lie d  
f i e l d  i s  in  th e  Cooij and fool] d i r e c t io n s . The ra p id  f a l l  to  
zero  o f th e  to rq u e  should  no t occur u n t i l  th e  ap p lie d  f i e l d  has 
passed  th e se  m agnetic hard  d i r e c t io n s .  This i s  n o t observed  to
be th e  case in  th e  ex p erim en ta lly  o b ta in ed  graphs shown in  
F ig u res  6 .1 a  and 6 *lb .  The to rq u e  reaches a maximum b efo re  
th e  ap p lie d  f i e l d  reach es  th e  hard  d ir e c t io n  o f  th e  whole 
f i lm , which means th a t  some p o r tio n s  o f  th e  f ilm  m a te r ia l  a re  
alm ost a t  th e  p o in t o f  sw itch in g  t h e i r  m ag n etisa tio n  d i r e c t io n .
6*5 C onclusions
Measurements o f  th e  f i r s t  o rd e r m a g n e to c ry s ta llin e  a n iso tro p y
c o n s ta n t o f  F.C.C. c o b a lt  have been made u sin g  th in  m o n o c ry s ta llin e
film s  o f  c o b a lt evaporated  onto  MgO s u b s t r a te s .  A room tem per-
— 3a tu re  value  o f  -  3 .8  - ± 0 .1  x 10** J  m has been found fo r  Kl9 
by determ in ing  th e  h igh  f i e l d  to rq u e  curves o f  th e  f i lm s . This 
va lue  i s  in  good agreem ent w ith  p rev io u s  m easurem ents. No c o r re ­
la t io n  has been found between the  a n iso tro p y  c o n s ta n t o f  th e  f ilm s  
and t h e i r  th ic k n e ss  f o r  th e  range 4 nm to  34 nm. The e p i t a x ia l  
tem peratu re  to  produce m o n o cry s ta llin e  film s o f  c o b a lt  on th e  
{lOO} faces  o f MgO has been found to  be 410°C fo r  th e  a u th o r ’s 
system . This has been deduced from m agnetic and e le c tro n  d i f ­
f r a c t io n  m easurem ents.
I t  seems th a t  more e f f o r t  i s  needed in  th e  problem  o f  p ro ­
ducing { i l l}  p lane  f ilm s  o f  F.C.C. c o b a lt .  Perhaps one need n o t 
look any f u r th e r  than  th e  co b a lt-o x id e  s u b s tr a te s  which have been 
used by Bransky, a lthough  t h i s  method o f  producing th e  f ilm s  does 
n o t allow  any s tu d ie s  to  be made on th e  e f f e c t  o f  oxide th ic k n e ss  
on th e  in te r f a c e  energy.
for ( a ) , H = 7 5 0 l xidViir A.m. 
( b ) , H = / . 0 0 J
I1T01
The a n g u la r  dependence o f th e  to rq u e  in  th e  (lio) p lan e  as  
a  fu n c tio n  o f  th e  ap p lie d  f i e l d  ^ p p  a  ty p ic a l  h. nm th ic k
specim en.
film
FIGURE 6 .1a
A -m 'lb), H=270)
o
- 1 -
[001] [110] [001]
A ngular dependence o f th e  to rq u e  in  th e  (llo) p lane  as a fu n c tio n  
o f th e  a p p lie d  f i e l d  H^ppfbr a ty p ic a l  4 nm th ic k  specim en.
FIGURE 6 . lb
'o
o 250 3 500
FIELD H x10/Air A.m'.'
The dependence o f th e  peak to rq u e  on th e  a p p lie d  f i e l d  H^pp
f o r  a specimen in  th e  (llO ) p la n e .
FIGURE 6.2
0-5
[112] £  [121]
Three { i l l}  MgO S u b s tra te  Torque Curveso
[010]
Two {00l} MgO S u b s tra te  Torque C urves.
[100]
ir i t
Magnetometer background to rq u e  cu rv e .
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APPENDIX
1) Films e x h ib it in g  exchange an iso tro p y  could be used as a 
computer s to ra g e  system which would d isp la y  a n o n -d e s tru c ­
t iv e  ,fread  o u t” c h a r a c te r i s t i c .  I f  th e  f ilm  system  was
a t  a tem peratu re  below th e  Neel tem peratu re  o f  th e  a n t i ­
fe rro m ag n e tic  component3 i . e .  th e  d ir e c t io n  o f  m agnetisa­
t io n  o f  th e  fe rrom agnetic  component was locked , then  a 
" read  ou t"  p u lse  in  th e  "read  out" w ire would n o t d is tu rb  th e  
m agn etisa tio n  d ire c t io n  o f  th e  " b i t"  and th e  in fo rm atio n  in  
th e  " b i t"  would rem ain u n a lte re d . However, th e  lo ck in g  o f  
th e  fe rrom agnetic  m ag n etisa tio n  due to  th e  exchange a n iso ­
tro p y  p re se n t in  th e  f i lm , would re q u ire  th a t  th e  f ilm  tem pera­
tu re  was in c reased  above so th a t  a "read  in "  m agnetic 
f i e ld  could  sw itch  th e  m agn etisa tio n  d ir e c t io n  o f  th e  f e r r o ­
m agnetic component. This "read  in "  f i e ld  would have to  be 
m ain tained  w h ils t  th e  tem pera tu re  o f  th e  film  was reduced  below 
T^ so th a t  th e  a n tife rro m a g n e tic  component again  locked  th e  
fe rrom agnetic  m ag n etisa tio n  d i r e c t io n .
2) Exam ination o f  th e  s t ru c tu re  o f  an io n ic a l ly  bonded c r y s ta l  
such as NaCl (o r  Mg 0 ) , shows th a t  a (111) p lane  c o n s is ts  
e n t i r e ly  o f  e i th e r  Na o r Cl atom s. Because o f  t h i s ,  th e  
su rfa ce  formed would have a n e t  ch arg e , p o s i t iv e  i f  th e  
su rfa ce  atoms were Na and n e g a tiv e  i f  the  su rfa c e  atoms were 
C l. This would be a h ig h ly  u n s tab le  c r y s ta l  s t a t e .  I t  seems 
u n lik e ly , th e re fo re ,  th a t  such a p e r f e c t  ( 111) p lan e  could
-  m 2 -
ever be produced in  th e  la b o ra to ry  from a bu lk  c r y s ta l .  This 
h ig h ly  u n s tab le  s t a t e  o f  th e  c r y s ta l  could  be overcome, how­
e v e r , by su rfa ce  atoms form ing pyramids w ith  s id e s  o f  a ( 100) 
c h a ra c te r ,  over th e  p e r f e c t  (111) su rfa c e . The "(111)" 
su rfa ce  produced would then  be covered by many ( 100) fa c e ts  
having an o v e r a l l  zero  charge and c o n s is t in g  o f  equal amounts 
o f  Na and C l.
Using such a s u b s tr a te  fo r  e p i ta x ia l  th in  f ilm  d e p o s it io n  
would le ad  to  a s im ila r  su rfa ce  o f  th e  " ( 111)" f ilm  b e in g  
produced. One could n o t ex pec t any s tro n g  lo c a l is e d  m agnetic 
sp in  in te r a c t io n  fo r  atoms a t  th i s  f ilm  su rfa ce  and c e r ta in ly  
only  very weak coup ling  would occur a c ro ss  th i s  su rfa c e  w ith , 
say , an oxide la y e r  grown on th e  f ilm . I t  seems, th e re fo re ,  
th a t  exchange an iso tro p y  would be u n lik e ly  to  be found w ith  
such a film  system .
I t  should  be n o te d , however, th a t  NaCl c o n s is ts  o f  group 
1 and 7 elem ents and Mg 0 c o n ta in s  group 2 and 6 e lem en ts .
I t  m ight be expected  th a t  i f  th e  " io n ic i ty "  o f  th e  compound 
cou ld  be d ecreased , by u s in g , say , GaAs (groups 3 and 5 ) ,  
th e  p o s s ib i l i t y  o f  p roducing  a t ru e  ( 111) su rfa c e  s u i ta b le  
fo r  f ilm  growth m ight be improved.
3) The fo u r th  o rd e r c r y s ta l l in e  a n iso tro p y  c o n s ta n t in  fa c e -  
c en tred  cubic  c o b a lt  film s has been m easured, by th e  
a u th o r , fo r  th in n e r  evapo rated  film s  than  has been p re ­
v io u s ly  re p o r te d . A ll th e  c o b a lt  f ilm s  measured by th e  
au th o r had a th ic k n e ss  ly in g  in  th e  range 4 n.m. to  35 n.m.
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This has extended the  work c a r r ie d  o u t by Doyle who 
used evaporated  c o b a lt  film s  o f  between 35 and 135 n.m. 
th ic k n e ss .
Andra e t  a l  has determ ined th e  fo u r th  o rd e r 
c r y s ta l l in e  a n iso tro p y  c o n s ta n t in  e le c tro p la te d  fa c e -  
c en tred  cub ic  c o b a lt f ilm s  fo r  th ic k n e ss  down to  2 n.m.
However, th i s  i s  a  '"reduced" th ic k n e ss  to  tak e  account o f  
th e  is la n d  s t ru c tu re  o f  the  f i lm s . The r e s u l t s  which Andra 
o b ta in ed  a lso  e x h ib i t  a la rg e  amount o f  s c a t t e r  (see  f i g .  1 .3 ) .
4) A co n sid e rab le  amount o f  tim e and e f f o r t  was sp en t by th e  
a u th o r , to  ensure  th e  r e p r o d u c ib i l i ty  o f  th e  r e s u l t s  quoted 
in  th i s  th e s i s .  A ll the  p ro ced u res , in  th e  p ro d u c tio n  and 
measurement o f  th e  th in  f i lm s , were thoroughly  studyed so 
th a t  rep ro d u c ib le  r e s u l t s  were o b ta in ed . A s p e c ia l  e f f o r t  
went in to  th e  p ro d u c tio n  o f  th e  f ilm s : s u b s tr a te  p re p a ra t io n  
and ev ap o ra tio n  methods, to  ach ieve t h i s  end.
